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ABSTRACT:

Vanadium pentoxide nanomaterials were prepared by a facile microwave-assisted refluxing reaction of VOSO4 and (NH4)2S2O8

solutions under atmospheric pressure at 100 �C for 1 h. The synthesized products were characterized by X-ray diffraction, scanning
electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis, and Brunauer�Emmett�Teller surface
area measurements. The catalytic oxidation and photocatalytic activities of the synthesized V2O5 were evaluated by oxidative
cyanation of N,N-dimethylaniline in methanol and photodegradation of N-nitrosodimethylamine (NDMA) in aqueous solution,
respectively. V2O5 3 xH2O nanofibers were formed when VOSO4 and (NH4)2S2O8 solutions were irradiated withmicrowaves under
reflux conditions at 100 �C within 1 h. Nanostructured V2O5 was synthesized by calcining V2O5 3 xH2O at 280 �C for 12 h. The
conversion of N,N-dimethylaniline to N-methyl-N-phenylcyanamide increased with an increase in the amount of V2O5 catalyst. As
the amount of synthesized V2O5 increased from 10 to 15 mg, the conversion of N,N-dimethylaniline to N-methyl-N-
phenylcyanamide reached 100%, but the selectivity decreased from 100% to 96%. N-methyl-N-phenylformamide was formed as
a byproduct because of use of excess V2O5. The as-synthesized V2O5 nanomaterials showed comparable photocatalytic performance
with commercial TiO2 (P-25) for the degradation of N-nitrosodimethylamine to NO3

� in water. This work provides a facile
synthesis method of nanosized V2O5 3 xH2O and V2O5 with excellent catalytic activities.
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1. INTRODUCTION

In recent years, one-dimensional nanostructures have become
the focus of intensive basic research because of their unique
physicochemical properties and potential applications as nano-
scale devices.1 Among these, layered vanadium pentoxide (V2O5)
nanomaterials have been extensively investigated for their pro-
spective applications in chemical sensors, field emitters, electro-
chromic devices, and lithium-ion batteries,2�6 particularly as
effective catalysts.7,8 Several efforts have been devoted to the
fabrication of V2O5 nanomaterials with various morphologies.
For example, hollow V2O5 nanoparticles were fabricated by laser
ablation.9 Thermal evaporation methods were also conducted to
obtain V2O5 ultralong nanoribbons at 600�1050 �C.10,11 V2O5

nanowires were hydrothermally synthesized at 120 �C for 24 h.6

V2O5 hollow microspheres were obtained by hydrothermal
reaction in organic solution followed by calcination at 500 �C
for 2 h.12 Centimeter long V2O5 nanowires were made by
hydrothermal reaction at 205 �C for 4 d followed by calcination
at 400 �C.2 V2O5 nanoflowers were prepared by a multistep
reaction of organic reagent and vanadium complex at room
temperature for 24 h.13 Thin films of V2O5 3 nH2O nanotube
arrays and dendrites could be electrodeposited.5,14 Single-crystal
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V2O5 nanorod arrays were fabricated using electrochemical depo-
sition in VOSO4 aqueous solution with subsequent sintering
at 485 �C.15 However, as for conventional methods, high tempera-
ture, high pressure, and relatively long times are required for the
preparation of V2O5. In contrast, unconventional methods based
on chemical synthesis could provide an alternative and intriguing
strategy for generating one-dimensional nanostructures in terms of
material diversity, cost, throughput, and the potential for high-
volume production.1

Microwave-assisted chemistry is based on the interaction
between electric dipoles in dielectric materials, liquids, or solid
materials and the applied electromagnetic field.16 The growing
interest in novel microwave processing can be attributed to
several attractive features. Significant reduction in reaction time
and energy costs are attributed to shorter processing times, rapid
heating, and formation of homogeneous products.16�18 More-
over, refluxing reactions under atmospheric pressure work at
relatively low temperatures with simpler operations, higher
productivity, lower cost, and can be easily controlled whenever
necessary.19 Therefore, microwave-assisted refluxing reactions
have advantages of both microwave irradiation and refluxing
reactions in materials synthesis and applications. This method
significantly reduces the preparation time from days to minutes,
and easily screens a wide range of experimental conditions to
optimize and scale-up syntheses with low energy consumption.
Anhydrous and hydrated V2O5 nanomaterials may also be
prepared using microwave-assisted refluxing reaction techniques.

Vanadiumpentoxide has been used as an effective catalyst for the
oxidative cyanation of tertiary amines with molecular oxygen in the
presence of sodium cyanide, acetic acid, which can substitute for
noble-metal-containing catalysts, such as ruthenium trichloride,
[RuCl2(PPh3)3] and Pr4N[RuO4], because of their expensive
nature and moisture sensitivity.7,20,21 The conversions were com-
pared for the oxidative cyanation of various tertiary amines with
sodium cyanide by usingV2O5 catalyst in a recent communication.7

However, the influence of the amount of catalyst on product
composition, as a byproduct in reaction system, and reactionprocess
need to be further studied to scale-up the process.

N-nitrosodimethylamine (NDMA) can be released from agricul-
ture, dye, cosmetic, and food processing, and naturally formed in the
environment as a result of various chemical and biological
processes.22Wastewater industries largely contribute to the presence
of NDMA in the environment.22 Removal of NDMA as a con-
taminant in the environment is still a challenge.22�24 Surface
fluorination techniques, changing crystal substructures, and doping
methods were used to enhance the catalytic performance of TiO2

and manganese oxides for the photodegradation of NDMA.22,23

This method is an expeditious way to remove NDMA by photo-
catalytic degradation, and highly efficient photocatalysts should be
chosen. Vanadium pentoxide catalysts are known to have excellent
photocatalytic activities for the degradation of aniline, acetone, and
rhodamine B in a wide range of wavelengths.25�27 V2O5 synthe-
sized by this facile method might also have some potential
applications in the photocatalytic degradation of NDMA.

In this work, V2O5 3 xH2O nanobelts were synthesized by a
microwave-assisted refluxing reaction at mild conditions within a
short time. V2O5 nanomaterials were obtained after heat treat-
ment of V2O5 3 xH2O at 280 �C for 12 h. The crystal structures,
thermochemical behavior, specific surface areas, and morpholo-
gies of the as-prepared samples were characterized by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), scanning electron

microscopy (SEM), and Brunauer�Emmett�Teller (BET) sur-
face area measurements. The catalytic oxidation and photocata-
lytic activities were evaluated by oxidative cyanation of N,N-
dimethylaniline in methanol and photodegradation of N-Nitro-
sodimethylamine (NDMA) to NO3

� in water, respectively.

2. EXPERIMENTAL SECTION

2.1. Materials and Chemicals. (NH4)2S2O8 3H2O (g98%),
vanadium(IV) oxide sulfate hydrate (97%, vanadium content:
22%), NaCN (g99%), Na2SO4 (g99%), KNO3 (g99%), TiO2

(Degussa P-25), V2O5 (99.6%), N,N-dimethylaniline (g99%),
andN-nitrosodimethylamine (NDMA) solution (g99%, 200mg
L�1) were all purchased from Sigma-Aldrich. Methanol (100%),
acetic acid (99.9%), NaCl (g99%), and NaHCO3 (99%) were
supplied by J. T. Baker. All reagents used were of analytical grade,
unless otherwise noted.
2.2. Synthesis and Characterization of V2O5. A 2.695 g

portion of VOSO4 3 nH2O and 1.438 g of (NH4)2S2O8 3H2O
were mixed and dissolved into 100 mL of distilled deionized
water (DDW) in a 250 mL round-bottomed flask, which was
placed in a multimode CEMMARS 5Microwave Chamber fitted
with a reflux condenser and a Teflon coated magnetic stirrer. A
fiber-optic temperature-measuring probe was directly inserted
into the reaction mixture by using a Sapphire thermowell. The
microwave-refluxing setup was illustrated in our previous
report.16 The microwave power was set to 300 W but fluctuated
to maintain the input temperature value of 100 ( 2 �C with a
ramp rate of 20 �C 3min�1 and a holding time of 60 min. The
resulting yellow precipitate was filtered and washed thoroughly
with anhydrous ethanol and DDW several times. Finally, the as-
obtained yellow powder product was dried in an oven at 60 �C
for 12 h, and then calcined in air at a fixed temperature for 12 h.
The crystal structures of synthesized products were identified

by XRD at room temperature using a Scintag XDS 2000 instru-
ment with Cu Kα radiation. The diffractometer was operated at a
tube voltage of 45 kV and a tube current of 40mA. FTIR (Nicolet
8700) analysis was carried out on a Bruker Equinox 55 model
spectrophotometer by making pellets with KBr powder, and the
resolution was set at 4 cm�1 with a scan number of 32. Scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDX) were performed on the Zeiss DSM 982 Gemini
field-emission gun SEM system. High-resolution transmission
electron microscopy (HR-TEM) experiments were performed
using a JEOL 2010 instrument with an accelerating voltage of
200 kV. The synthesized product was dispersed in ethanol, and a
drop of the homogeneous dispersion was loaded on a carbon
coated copper grid and allowed to dry before analysis.
The thermal stability of the samples was determined using an

SDT Q600 thermogravimetric analyzer, and the sample was
heated at a ramp rate of 1 �C min�1 in air. For BET analysis,
about 0.2 g of powder sample was weighed and degassed at
120 �C for 12 h, and then the BET surface area of V2O5 was tested
with a Quantachrome Autosorb-1-C automated N2 gas adsorp-
tion system. Five point BET measurements were performed.
2.3. Catalytic Activity for Oxidative Cyanation of Tertiary

Amines. The oxidative cyanation reactions of N,N-dimethylani-
line were carried out in a batch reactor, following previous work.7

Briefly, a 50 mL round-bottom flask with a magnetic stirrer,
equipped with a reflux condenser and an oxygen balloon, was
charged with N,N-dimethylaniline (1 mmol), methanol (1 mL),
NaCN (1.2 mmol), and a measured quantity of the as-obtained
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V2O5 or the same amount of commercially available V2O5. After
the addition of acetic acid (0.3 mL) to the above system, the
resulting mixture was continuously stirred under an oxygen or
nitrogen atmosphere at 70 �C, which was controlled in a paraffin
oil bath. After 1.5 h of reaction, the flask was lifted up above the
oil level, and the reaction solution was allowed to cool down to
room temperature. The aqueous NaHCO3was then added to the
reaction mixture and extracted with ethyl acetate (3 � 10 mL).
The combined organic layer was washed with brine, and dried
over anhydrous sodium sulfate. The catalyst was recovered by
filtration. Gas chromatography�mass spectrometry (GC-MS)
was used to identify and quantify the products. GC-MS analyses
were done on anHP 5890 series II chromatograph with a thermal
conductivity detector coupled with an HP 5970 mass selective
detector. An HP-1 column (nonpolar cross-linked siloxane)
with dimensions of 12.5 m � 0.2 mm �0.33 mm was used for
separation.
2.4. Photocatalytic Activity for NDMA Degradation. In a

typical experiment, 100 mg of V2O5 catalyst was added to a
beaker containing 300 mL of 100 μM NDMA solution buffered
with 4 mM bicarbonate and adjusted to pH 7.0 ( 0.1 by acid
dilution using H2SO4. The heterogeneous mixture was then
stirred for 30 min to attain equilibrium and sonicated for 15 min
to uniformly disperse the catalyst particles prior to UV irradiation.
For comparison purposes, experiments using commercial TiO2

(Degussa P-25) (100 mg in 300 mL of 100 μMNDMA solution)
and blank (without added catalyst) were also performed.
Sixteen UV lamps emitting mainly monochromatic light of λ =

254 nm installed on a Rayonet photochemical chamber reactor
(Model RPR-200, Southern New England Ultraviolet Co. Inc.)
were used as the constant source of UV light. The prepared
mixture was transferred to a quartz beaker, covered, and posi-
tioned at the center of the photoreactor. UV photolysis times
were at 10 min intervals from 0 to 60 min performed with
continuous stirring of the mixture with 200 rpm at room
temperature. A desired volume (∼20 mL) was collected for each
time interval. Suspended catalysts were recovered by centrifuga-
tion of the mixture for 10 min at 8000 rpm, and subsequent
filtration through a Millipore filter with pore size of 0.45 μm.
Because of low percent recovery of NDMA in water during

liquid�liquid extraction, NDMA was not systematically quanti-
fied. However, qualitative determination of the degradation
of NDMA and the formed organic photoproducts were con-
ducted using Direct Analysis in Real-Time Mass Spectrometer
(DART-MS) AccuTOF-DART. Nitrate ions were measured
using a UV spectrophotometric screening method (Standard
Method 4500-NO3

� B).28 Nitrate standard solutions were pre-
pared from KNO3. All solutions were prepared using NDMA-
free and nitrate-free ultrapure water (18 MΩ-cm).

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Vanadium Pent-
oxide. Figure 1a shows the XRD patterns of product fabricated
by microwave-assisted refluxing reaction of VOSO4 3 nH2O and
(NH4)2S2O8 3H2O solution at 100 �C for 1 h. Peaks with d
spacings of 1.09, 0.37, 0.34, 0.26, 0.19, 0.18, and 0.13 nm, suggest
that layered V2O5 3 xH2O was formed.3,5,29,30 As for V2O5 3
xH2O, the interlayer spacing d can be calculated from the
diffraction angle of the (001) peak.5 In the present work, the
sample was treated at 60 �C for 12 h, and the interlayer spacing
was observed as 1.09 nm (Figure 1a). When treated at 240 �C

for 12 h, the d spacing of the (001) peak showed a slight decrease
from 1.09 to 1.05 nm (Figure 1b), and this trend was consistent
with previous results, possibly because of tightly bound water not
being completely removed below 250 �C.5 As the heat-treatment
temperature increased to 280 �C, orthorhombic V2O5 (JCPDS
card No. 41-1426) was formed (Figure 1c).
The thermal dehydration process of hydrous vanadium pent-

oxide (V2O5 3 xH2O) was further measured by thermogravi-
metric analysis as shown in Figure 2. The profile indicated the
corresponding weight losses of H2O and O2 in a range from
room temperature to 1000 �C, which were divided into three
steps. The weight loss of 8.98% below 200 �C was likely
attributed to physisorbed and chemisorbed water,27 because
the sample was only dried in an oven at 60 �C for 12 h. The
weight loss of 3.43% in the 200�600 �C range was due to the

Figure 1. XRD patterns of the synthesized products with different
heat treatment temperatures in air for 12 h: (a) 60 �C; (b) 240 �C;
(c) 280 �C.

Figure 2. TGA curve of the synthesized V2O5 3 xH2O.

Figure 3. FTIR spectra of the synthesized products with different heat-
treatment temperatures in air for 12 h: (a) 60 �C; (b) 280 �C.
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release of chemically bondedwater.5,27When temperature increased
beyond 600 �C, the weight loss was assigned to the thermal
decomposition of V2O5 with oxygen evolution.9 Based on the
TGA analysis and XRD patterns, the composition of the as-
prepared hydrated vanadium pentoxide was suggested to be
V2O5 3 0.4H2O. The values of interlayer spacing d for the (001)
peak were 1.115 and 0.843 nm for V2O5 3 0.6H2O and V2O5 3 0.3
H2O, respectively.

5 In this work, the interlayer spacing d was
found to be 1.09 nm for V2O5 3 0.4H2O. As reported, hydrated
vanadium pentoxide could be dehydrated to V2O5 at near 300 �C
according to the TGA curve.5 The similar TGA curve was
obtained, and weight loss tended toward stability in the range
of 320 to 600 �C (Figure 2). A temperature of 280 �Cwas chosen
to remove the chemically bonded water in the case of agglom-
eration of particles at higher temperatures.
To further confirm the structure of synthesized samples, the

FTIR spectra of the V2O5 3 xH2O and V2O5 are shown in
Figure 3. In the FTIR spectrum of V2O5 3 xH2O, two peaks at
556 and 758 cm�1 (Figure.3a) were assigned to the V�O�V
bending vibration andV�O�Vasymmetric stretch, respectively.29,31

The absorption peak at 1006 cm�1 was attributed to the stretch-
ing vibration of VdO.31 The absorption band at 1401 cm�1 was
due to hydrated vanadium oxides.29,32 The peak at 1615 cm�1

was due to bending vibrations of water molecules,6,29,31 and this
peak had a hypsochromic shift of about 17 cm�1 in this experi-
ment, which was probably due to the influence of vanadium�
oxygen bonds in the structure. After heat-treatment at 280 �C for
12 h, the FTIR spectra were found to change remarkably because
V2O5 3 xH2O was transformed into V2O5. Several peaks disap-
peared, and new peaks at 574, 647, 847, and 1020 cm�1 occurred.
Peaks at 574 and 647 cm�1 were due to symmetric stretch-
ing vibrations of V�O�V.31,33 Absorption bands at 847 and

1020 cm�1 were assigned to the asymmetric stretching vibration
of V�O�V and stretching vibration of VdO, respectively. The
absorption peak of water disappeared after heat treatment. The
absorption peak of the stretching vibration of VdO shifted from
1006 to 1020 cm�1 after heat treatment likely due to the
elimination of the influence of hydroxyl bonds on the stretch-
ing vibration of VdO. This similar trend was also observed in
previous work.34,35

The morphologies of V2O5 3 xH2O and V2O5 were further
characterized by SEM and TEM. As shown in Figure 4a, bunches
of V2O5 3 xH2O nanobelts were formed from the microwave-
assisted refluxing reaction of VOSO4 and (NH4)2S2O8 solutions
at 100 �C for 1 h. The V2O5 3 xH2O nanobelts of high flexibility
twisted together in one bunch with a length greater than 1.0 μm
(Figure 4b). After annealing in air at 280 �C for 12 h, V2O5

nanorods were formed, and coarsening of the nanobelts by
sintering was observed (Figure 4c). The specific surface area of
V2O5 was 16.6 m2 g�1 likely due to the slight sintering and
aggregation of nanorods. EDX analyses revealed that there was
no impurity in the synthesized samples (Figure 4d), suggesting
that the repeated filtration with distilled water several times and
calcination could remove adsorbed anions on the surface of
V2O5 3 xH2O.
V2O5 3 xH2O is also an important catalyst in photochemistry

and electrode materials for chemical power sources.5,27 Various
conventional methods have been reported to prepare V2O5 3
xH2O.

3,5,27,29,30 V2O5 3 xH2O nanotubes were prepared via tem-
plate-based physical wetting of V2O5 sol with two steps,3 and a
H2O2�V2O5 route has also been conducted to prepare V2O5 3
xH2O.

5 However, these methods are multistep and V2O5 needs
to be fabricated first. Hydrothermal reactions were performed to
synthesize V2O5 3 0.9H2O andV2O5 3 0.6H2Onanomaterials.27,29,30

Figure 4. SEM and TEM images of the synthesized V2O5 3 xH2O (a, b), and SEM image and EDX spectrum of V2O5 (c, d).
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However, high temperature, high pressure, and relatively long times
are required. In the present work, V2O5 3 xH2O nanobelts were
rapidly synthesized with one step and low energy cost. The lowest
temperature for the transformation of V2O5 3 xH2O to V2O5 was
also studied. Nanosized V2O5 rods could be obtained by the
calcination of V2O5 3 xH2O at 280 �C, and their morphologies
were nearly uniform although slight sintering and aggregation
occurred.
3.2. Catalytic Oxidation Performance for Cyanation of

Tertiary Amines.Catalytic oxidative cyanation ofN,N-dimethyl-
aniline in methanol was studied, and the influence of dosage of
the synthesized V2O5 catalyst on the conversion and selectivity of
N,N-dimethylaniline to N-methyl-N-phenylcyanamide was con-
ducted using molecular oxygen as oxidant at 70 �C for 1.5 h. The
as-synthesized V2O5 materials exhibited excellent catalytic oxi-
dative cyanation activities, and the conversions are shown in
Table 1. The conversion ofN,N-dimethylaniline toN-methyl-N-
phenylcyanamide was only about 3% without adding V2O5

catalyst. As the amount of catalyst V2O5 increased to 5.0 and
10.0 mg, the conversion was raised to 66% and 80%, respectively.
When the used V2O5 was no more than 10 mg in the above
reactions, N-methyl-N-phenylcyanamide was formed with a
selectivity of 100%. The conversion was increased with an
increase in the amount of catalyst, likely due to more oxygen
molecules being adsorbed onto V2O5, and then more oxidation
active sites could be provided.When 15mg of V2O5was used, the
conversion reached 100%. However, the selectivity decreased to
96%, and byproduct N-methyl-N-phenylformamide was formed
with a yield of 4%. Scheme 1 gives the equation for the oxidative
cyanation of N,N-dimethylaniline based on the compositions of
the products.
The conversion of N,N-dimethylaniline to N-methyl-N-phe-

nylcyanamide was 99% when 9.2 mg of V2O5 (5 mol %) catalyst
was performed at 60 �C.7 However, the conversion was only 80%
when 10 mg of V2O5 catalyst was conducted at 70 �C, and
increased to 100% as 15 mg of catalyst was used instead in this
work. The difference in the catalytic efficiency was likely due to
(i) different specific surface areas of V2O5 catalysts. In this work,
the specific surface area of the synthesized V2O5 nanorods was

16.6 m2 g�1 likely due to slight sintering and aggregation
during the calcination process. The preparation method, SEM
morphology, and BET surface area measurements were not
reported in the communication.7 The specific surface area might
be larger in the reported work and contributed to the higher
efficiency. (ii) Different sample pretreatment methods. This
catalytic reaction was sensitive to moisture and water; however,
V2O5 is usually contaminated by water after storage or operation
in air. The commercial V2O5 sample of 10 mg was also studied in
this catalytic reaction, and the conversion and selectivity for the
oxidative cyanation of N,N-dimethylaniline were 69% and 98%,
respectively. In this work, the as-prepared V2O5 showed better
catalytic performance than commercial V2O5 under the same
reaction conditions. The BET specific surface area of the purchased
V2O5 was characterized to be 3.0m

2 g�1, and the surface area of the
as-obtained V2O5 was 16.6 m2 g�1. These results further showed
that specific surface area possibly affects the catalytic performance.
The catalytic experiment should be further performed with proper
sample pretreatment methods in dry environments.
A definite reaction mechanism for the above equation has not

been established because of the difficulties in determining
intermediates, and the reaction may proceed through a radical
mechanism.7 Compared with similar experimental condtions and

Table 1. V2O5-Catalyzed Oxidative Cyanation of N,N-Di-
methylaniline with Sodium Cyanidea

catalyst mass (mg) atmosphere conversion (%) selectivity (%)

0 O2 3 100

5 O2 66 100

10 O2 80 100

15 O2 100 96

15 N2 0 NA
aReaction condition: N,N-dimethylaniline (1 mmol), NaCN (1.2 mmol),
MeOH (1 mL), AcOH (0.3 mL), at 70 �C for 1.5 h. Conversions
determined by GC-MS. NA: Not applicable.

Scheme 1. Reaction Equation for the Oxidative Cyanation of
N,N-Dimethylaniline

Scheme 2. Proposed Reaction Mechanism for the V2O5-
Catalyzed Oxidative Cyanation of N,N-Dimethylaniline

Figure 5. Concentration of NO3
� during the photodegradation of

NDMA (100 μM, 300 mL) with different catalysts (100 mg).
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products,7,20,21 the reaction mechanism for a plausible pathway
in the present work is suggested in Scheme 2.
As proposed in Scheme 2, Lewis acid sites on V2O5 accepted a

lone pair of electrons on nitrogen inN,N-dimethylaniline to form

intermediate 2 for the coordination between the tertiary amine
and the vanadium pentoxide. A hydrogen bond was formed
between the hydrogen atom on α-carbon and oxygen on vanadium
oxide, giving rise to intermediate 3 having a five membered ring.

Figure 6. ESI mass spectra for monitoring the photodegradation of NDMA by the synthesized V2O5 over 50 min.
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Subsequently, intermediate 4 was formed via α-hydrogen trans-
fer from the α-carbon to an oxygen atom on vanadium oxide.7

Oxidation of intermediate 4 with molecular oxgyen led to the
formation of vanadium(V) superoxo intermediate 5, where nucleo-
philic attack occurred by CN� in HCN (generated in situ from
NaCN and acetic acid) to yield N-methyl-N-phenylcyanamide
(Product 6) and regenerate V2O5, and intermediate 7 was likely
to be produced in this process.
As the proposed mechanism, oxygen participated in the

reaction and played a very important role as oxidant. To confirm
that V2O5 and O2 functioned as the catalyst and oxidant,
respectively, catalytic oxidative cyanation reaction was carried
out under nitrogen. No target product was formed. Combined
with the result of conversion of 3% without adding V2O5 in
oxygen atmosphere (Table 1), O2 acts as an oxidant for the
oxidative cyanation of N,N-dimethylaniline to N-methyl-N-phe-
nylcyanamide, and V2O5 can clearly catalyze the conversion.
In this work, only when the used catalyst V2O5 was excessive,

was N-methyl-N-phenylformamide produced and affected the
selectivity of the target product in the oxidative cyanation
process. This is likely due to three possibilities. (i) The compe-
titive reaction of methanol and sodium cyanide and rearrange-
ment in the oxidation process of N,N-dimethylaniline. Possibly
because of the stronger Lewis basicity of CN�, oxidative cyana-
tion occurred first, andmethanol participated in the reaction only
when the catalyst was excessive. (ii) The transformation of
intermediate 5 is likely due to affinity and rearrangement of
α-carbon positive ions and peroxygen and radicals. (iii) The
further oxidation of N-methyl-N-phenylcyanamide (Product 6).
To examine the possibile reactions in the process, 1 mmol of N,
N-dimethylaniline, 1 mL of methanol, 0.3 mL of acetic acid, and
15mg of V2O5weremixed and allowed to react at 70 �Cunder an
oxygen atmosphere in the absence CN�. N-methyl-N-phenyl-
formamide was not detected, and the conversion of N,N-
dimethylaniline was zero, suggesting that reaction (i) did not
occur. To further prevent the in situ formation of CN�, both
acetic acid and sodium cyanide were eliminated from the above
reaction; N-methyl-N-phenylformamide was also not formed,
suggesting that processes (i) and (ii) did not happen. Therefore,
the byproduct of N-methyl-N-phenylformamide was formed
likely because of the further oxidation ofN-methyl-N-phenylcya-
namide and V2O5 catalyst participating in the reaction. Determi-
nation of possible intermediates and the reaction mechanism is
currently underway.
Compared with the reported experiment about oxidative cya-

nation of tertiary amines,7 the present work further investigated
the influence of catalyst amount, starting materials on the
reaction process, and conversion. These results revealed that
V2O5 only worked as catalyst although it possesses high oxida-
tion activity, and the byproduct of N-methyl-N-phenylforma-
mide likely resulted from further oxidation of N-methyl-N-
phenylcyanamide with the participation of V2O5. To improve
the selectivity, proper reaction conditions need to be controlled.
3.3. Photocatalytic Activity for NDMA Degradation. In our

previous and other reported work,22,23 NDMA structure was
destroyed at a fast rate forming photoproducts. The N�N bond
in the photoexcited NDMA was cleaved forming 3NO frag-
ments, which eventually formed the stable NO3

�. NO3
�was one

of the major and stable oxidation products of NDMA;22�24

therefore, the concentration of NO3
� was one of the most

important indices in evaluating the catalytic performance of
TiO2, Mn3O4, Pt-Mn3O4, and Pt-TiO2.

23,24 In this work, the

photocatalytic activity of V2O5 for NDMA degradation was
investigated by monitoring the concentration of NO3

�. Figure 5
shows the formation of NO3

� as a function of UV irradiation
time. The NO3

� concentration increased with increasing irradia-
tion time. In the absence of any catalyst, 12.4% of NDMA were
converted to NO3

� after 60 min of UV illumination. This was
consistent with the results of our previous studies.23 Using the
catalysts alone under dark conditions did not produceNO3

� ions
in solution.When TiO2 (P-25) was added to the solution system,
and conversion of NDMA to NO3

� was increased to 24.3%,
whereas using V2O5 instead, a conversion of about 25.9% was
obtained. The above results suggested that the as-obtained V2O5

catalyst has a comparable photocatalytic activity with TiO2 (P-25).
Qualitative determination for NDMA was conducted using

direct analysis in a real-time mass spectrometer, and part of the
ESI-MS spectra are shown in Figure 6. The peak at m/z = 75.05
was attributed to the starting material of NDMA [ONN(CH3)2].
After 10 min of the photodegradation, a strong signal at m/z =
46.06 was observed, corresponding to the intermediate product
DMA [(CH3)2NH], which was an important intermediate in the
process.22 The peak intensity of NDMA and DMA decreased
remarkably when the photocatalytic reaction was conducted over
30 min (Figure 6), which further suggested that the as-prepared
V2O5 was an excellent photocatalyst. Quantitative characteriza-
tion for the degradation of NDMA in water should be conducted
using continuous liquid�liquid extraction prior to gas chroma-
tographic analysis in future studies.

4. CONCLUSIONS

V2O5 3 xH2O nanobelts have been prepared from VOSO4 and
(NH4)2S2O8 solutions by amicrowave-assisted refluxingmethod
for 1 h at 100 �C under atmospheric pressure. V2O5 nanowires
could be fabricated after heat-treatment of V2O5 3 xH2O in air at
280 �C for 12 h. The as-obtained V2O5 showed excellent catalytic
performance for the oxidative cyanation of N,N-dimethylaniline
to N-methyl-N-phenylcyanamide. One mmol of N,N-dimethyla-
niline was completely transformed into N-methyl-N-phenylcya-
namide with selectivity of 96% and N-methyl-N-phenylformamide
(4%) when 15 mg of V2O5 was used at 70 �C for 1.5 h. For the
photodegradation of NDMA to NO3

�, the as-prepared V2O5 ex-
hibited better catalytic performance than commercial TiO2 (P-25).
This route is of commercial interest as multigram quantities of
V2O5 3 xH2O and V2O5 nanomaterials are produced rapidly under
ambient pressure and could result in significant energy savings. The
reactionmechanismof oxidative cyanationofN,N-dimethylaniline and
quantitative determination for the degradation of NDMA will be
studied in future work.
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