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INTRODUCTION

There has been a considerable interest in the development
of more economical and eco-friendly catalytic processes for
the oxidation of alcohols to carbonyl compounds because
of utility of aldehydes and acids in pharmaceuticals, dyes,
perfumery and agro-chemical industries [1-5]. Conventional
inorganic oxidants are costly, function in halogenated inorganic
solvents and are environmental unfriendly [6-12]. Organic
peroxides have also been used as oxidants for alcohol oxidation
[13,14]. The use of hydrogen peroxide as an oxidant for organic
reactions has a distinct advantage over other oxidizing agents
as it produces water as the only by-product [15-18].

Although vapour phase processes are used for this trans-
formation, control of selectivity towards partial oxidation to
carbonyls and tendency towards combustion to CO2 is the main
disadvantage [19-22].

Liquid phase reactions employing phase transfer catalysts
are associated with the problems of separation and reusability of
catalyst [22]. Attempts have therefore been made to employing
supported catalysts, which are free from these problems [23,24].

Catalytic oxidation of benzyl alcohol to benzaldehyde
with air/oxygen over metal oxides, supported metal oxides and
mixed metal oxides offers advantages over the homogenous
catalysis in terms of the ease in the separation of product and
reusability [25,26].

Solution combustion is a new process for rapid synthesis
of porous oxides, mixed oxides and supported metal oxides
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[27,28]. In this process, slurry consisting of nitrates of the
precursors is mixed with a fuel like urea/citric acid and heated
for few minutes in a microwave oven till a solid gel is formed.
The gel is ignited in a muffle furnace to get the oxide materials.

To the best of our knowledge there is no report on the mecha-
nism of oxidation of benzyl alcohol over ZrV2O7 catalyst emp-
loying any quantum mechanical approach. Density functional
theory is the latest approach in quantum mechanics to model
reaction pathways and transition states in chemical reactions.

In the present manuscript we report liquid phase air oxi-
dation of benzyl alcohol over zirconium vanadate catalyst
prepared by solution combustion method with the objectives
of (1) optimizing the process conditions for maximum yield
to the carbonyl compound (2) to model the transition states of
the reaction by DFT theory (3) to compute the activation energy
of the reaction and (4) to predict the mechanism of the reaction.

EXPERIMENTAL

ZrV2O7 catalyst was prepared by solution combustion
method. Salts of zirconium and vanadium were used for the
preparation of the catalyst. Citric acid was used as a fuel. In a
typical preparation, 12.32 g of Zr(NO2), 0.6460 g of NH4(VO3)
and 25.92 g of citric acid were mixed in minimum quantity of
water to make a slurry. The slurry was heated over a hot plate
where it swells into a gel. The resultant product was grinded
and kept in the muffle furnace for the calcination at 550 °C
for 4 h. Yellow green product is obtained which is further grinded
in order to prepare a fine powder.



General procedure: Reaction was carried out in a three
necked borosil flask equipped with thermometer pocket, reflux
condenser and air feed system. A manometer was used to meter
the flow rate of air. Three necked flask was kept in a water
bath whose temperature was regulated with the help of cont-
rolled power supply. In a typical run, about 1g of benzyl alcohol
was charged to the reactor along with solvent (dichloro-
methane) and heated. Air was bubbled to the reaction mixture
and the system was allowed to reflux. After completion of the
reaction, the reactor was cooled and catalyst was filtered. The
filtered reaction mixture was distilled to separate the solvent,
reactant and products.

All the DFT calculations for dehydrogenation of benzyl
alcohol over the catalyst were carried out employing Gaussian
09W suite, using B3LYP functionals to describe electron exchange
and correlation and Lanl2dz basis set to find the optimized
geometries of reactants, products and transition states [29,30].
For transition state calculation QST2/QST3 keywords have
been used [31]. At many places the optimization of transition
state was achieved directly also [32]. Unfortunately, it is not a
common case. Many times optimized geometries are still not
good enough to predict the transition state geometry. In these
cases, various techniques such as potential surface scan and
linear synchronous transit (LST) methods have been applied
to get close to a transition state. Vibrational frequencies were
calculated for the optimized geometries to identify the nature
of the reactant or product (no imaginary frequency) and TS
(one imaginary frequency). The enthalpy and the activation
energies were calculated at the reaction temperature as descri-
bed by Ochterski [33]. For large and less well behaved species,
optimization can be achieved by lowering the cutoff value with
the help of SCF option provided in Gaussian.

Convergence has been considered to be achieved when
forces on the atoms become less than the cutoff value. The
adsorption energy (Eads) was calculated as:

Eads = E(adsorbate - substrate) – (Eadsorbate + Esubstrate)

where E(adsorbate - substrate) is the total energy of the adsorbate–
substrate system in the equilibrium state and Esubstrate and Eadsorbate

are the energies of isolated substrate and adsorbate, respectively
[34,35]. By this definition, a negative value of Eads corresponds
to an exothermic process.

Geometry optimization for all the structures was perfor-
med. A comparison of some of the geometrical parameters
from optimized and crystallographic structures was performed.
The DFT results indicated that the optimized distances and
angles in the model were in good agreement with the experi-
mental values [36].

Detection method: Catalyst was characterized by X-ray
diffraction (XRD) and Raman analysis. XRD in the 2θ range
0-90° was performed over Rigaku X-ray powder diffractometer
equipped with graphite-crystal monochromator employing
CuKα radiation of wavelength 1.5406 Å as a source. The ave-
rage particle size was calculated from (111) diffraction peak
using Scherer’s equation:

D = 0.9λ/(βcos θ)

where D is the average crystallite size in nm, λ is the wave-
length of source X-ray (0.154 nm), β (in radian) is the full

peak width at half maximum. Raman spectrum of the sample
in the range 50-4000 cm-1 was recorded over a Labram HR800
micro Raman spectrometer using Labspec software. An Ar+

source with the wavelength 2.53 eV was used as a source.
The product containing reaction mixture was analyzed

with the help of a chemito1000 Chromatograph using SE-30
column and FID detector.

RESULTS AND DISCUSSION

X-ray diffraction analysis: Powder XRD pattern of the
prepared nanoparticles was recorded in order to explore struc-
tural features of zirconium supported mesoporous vanadium
materials. Fig. 1 depicts XRD patterns, which confirms that
the vanadium ions have occupied the zirconium ions at their
lattice positions with high dispersion of vanadium ions on
zirconium oxide surface [37]. A sharp peak appeared at 30.23°,
which can be ascribed to tetragonal phase of ZrO2. The average
particle size was calculated from (111) diffraction peak using
Scherer’s equation [38]. The average particle size found within
the range of 20-26 nm.
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Fig. 1. XRD pattern of ZrV2O7 nanoparticles

Raman analysis: The bands appeared at 330, 482 and
639 cm-1 are assigned to ZrO2. The low frequency bands appeared
at 144.8, 175.9 and 188 cm-1 are assigned to lattice vibrations.
Bands appeared at 1372 and 1597 cm-1 can be attributed to
bending modes of water. The band appeared at 1042 cm-1 in
the Raman spectrum can be ascribed to stretching vibration of
short V=O bond. A strong Raman band at 996 cm-1 is generally
assigned to V=O stretching mode of bulk V2O5 [39]. Weak
intensity of this band in the present recording suggests low
concentration of bulk V2O5 (Fig. 2).

Catalyst structure and its optimization: The structure
of catalyst was optimized and the obtained bond lengths and
bond angles were compared with the reported ones. For geo-
metry optimization of the catalyst, an octahedral environment
for zirconium and tetrahedral environment for vanadium was
assumed. The calculated bond lengths for V=O (vanadyl group),
V-O bridging viz., V-OZr and V-OV as 1.59, 1.70 and 1.77 Å,
respectively compared well with the reported values of 1.66,
1.68 and 1.75 Å, respectively. The calculated bond length for
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Fig. 2. Raman spectrum of the ZrV2O7 nanoparticles

Zr-O was 2.08 Å (Experimental value- 2.06 Å) while the V-O-
V and Zr-O-V bond angles were 165.8° (Experimental value-
166.2°) and 153.4° (Experimental value- 154.7°), respectively.

Activity of the catalyst

Effect of catalyst loading on the performance of ZrV2O7

catalyst: Effect of catalyst loading on the performance of
ZrV2O7 catalyst was studied at constant temperature of 80 °C
and constant flow rate of air. Best performance was achieved
at a catalyst loading of 5 % of the alcohol was fed. Conversion
increased with catalyst loading and attempted towards a
constant. Conversion to benzoic acid constantly increased with
catalyst loading. On the other hand conversion to benzaldehyde
increased in the beginning but dropped above 2 % of catalyst
loading (Fig. 3). This led to an increase in the selectivity towards
benzoic acid.
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Fig. 3. Effect of catalyst loading on the performance of ZrV2O7 catalyst in
the oxidation of benzyl alcohol. B = Conversion, C = Benzaldehyde,
D = Benzoic acid, E = Selectivity for benzoic acid. (Time of run =
8 h, temperature = 80 °C, air flow rate =30 L h-1)

Effect of temperature on the performance of ZrV2O7

catalyst: Effect of temperature on the performance parameters
such as conversion, yield and selectivity of products is graphi-

cally shown in Fig. 4. The study suggests that there is an
increase in the conversion of benzyl alcohol, yield and selec-
tivity of benzoic acid with increase in temperature. However
yield of benzaldehyde decreased with increasing temperature.
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Fig. 4. Effect of temperature on the performance of ZrV2O7 catalyst in the
oxidation of benzyl alcohol. B = Conversion, C = Benzaldehyde,
D = Benzoic acid, E = Selectivity for benzoic acid (Time of run = 8
h, benzyl alcohol feed rate = 1 g h-1, Air flow rate = 30 L h -1)

Effect of time on stream on the performance of ZrV2O7

catalyst: This study was performed to find the regeneration
time of the catalyst. The findings are presented graphically in
Fig. 5. It can be seen that conversion as well as yield and
selectivity of benzoic acid increased with increasing time on
stream. The catalyst activity was found fairly well up to 8 h.
After 2 h conversion benzaldehyde became almost constant.
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Fig. 5. Effect of time stream on the performance of ZrV2O7 catalyst in the
oxidation of benzyl alcohol. B = Conversion, C = Benzaldehyde,
D = Benzoic acid, E = Selectivity for benzoic acid. (Temperature
80 °C, air flow rate = 30 L h -1)

DFT calculations

Molecular adsorption of benzyl alcohol: The adsorption
of benzyl alcohol over ZrV2O7 is shown in Fig. 6.
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The adsorption over the catalyst surface may involve
interactions between OH group or methylene group of the
alcohol and the V=O of the catalyst. Calculations revealed
higher heat of adsorption through OH group (-15.90 kcal mol-1)
compared to the adsorption through methylene group (-2.5
kcal mol-1).

Abstraction of first hydrogen from benzyl alcohol: DFT
calculations on the dehydrogenation of benzyl alcohol have
been performed for the abstraction of hydrogen from both O-H
and C-H bonds. The potential energy surface (PES) diagram
for H atom abstraction from OH and CH2 groups is shown in
Fig. 7.

The activation energy for H abstraction from OH group
is 22.34 kcal mol-1 while from methylene group is 30.46 kcal
mol-1 suggesting that the former abstraction is taking place in
the first step producing a benzyl oxide ion. The optimized
structures of reactant model for H abstraction from OH or
CH2 groups of benzyl alcohol are shown in Fig. 8.

The O-H bond length of 0.987 Å in the intermediate (Fig.
8a) is very close to the normal bond length in alcohol. In most
of the literature reports interactions between the initially
formed oxide ion and metal of the catalyst have been reported.
For such interactions to take place in case of zirconium vana-
date catalyst, the benzyl oxide ion will have to go closer to the
vanadium metal, which seems to be sterically hindered. The
optimized geometries indicate that it prefers to stay near the

transferred hydrogen, i.e., the newly formed O-H group with
a distance of 1.857 Å (Fig. 8a).

(a) (b)

Fig. 8. Hydrogen abstraction by the catalyst from (a) OH and (b) CH2 groups
of benzyl alcohol

The T.S. structures for both possibilities are shown in Fig.
9(a) and 9(b). The BzO···H and VO···H bond lengths in T.S.
structure (Fig. 9a) are found to be 1.71 Å and 1.35 Å, respec-
tively while for the T.S. structure for H abstraction from methylene
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(a) (b)

Fig. 9. T.S. structure for hydrogen abstraction by the catalyst from (a) OH
or (b) CH2 groups of benzyl alcohol

group the C-H and O-H bond lengths are 1.82 Å and 1.77 Å,
respectively. The T.S. calculations indicate one imaginary
frequency for transfer of H, which is calculated at 1852.6i cm-1.

Abstraction of second hydrogen from benzyl alcohol:
The removal of second H from methylene group of the benzyl oxide
intermediate to produce benzaldehyde is the rate determining
step for the oxidative dehydrogenation of benzyl alcohol. It may
involve the vanadium site V1 or V2. The activation energy for the
abstraction of second hydrogen by V1 is 59.8 kcal mol-1 and the
translational frequency is at 1070.26i cm-1. The structure of the
intermediate is shown in Fig. 10. Similar abstraction of second
hydrogen by V2 requires higher activation energy 93.25 kcal mol-1

and the translational frequency is at 989.8i cm-1. Thus transfer of
second hydrogen to V1 is more favourable than to V2. The T.S. struc-
tures for these two possibilities are shown in Figs. 10 and 11.
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Fig. 13(a). The PES diagram and (b) T.S. structure for hydrogen transfer from V1-H to O2

Transfer of V-H to nearby oxygen atoms: The structure
formed in Fig. 10. With V-H bond is not very stable and transfers
its hydrogen to attached OH group or the nearby oxygen atoms
O2 or O3 to form V-OH. On the basis of oxygen sites involved,
we can describe the whole mechanism into three categories:
Mechanism involving O1 site; Mechanism involving O2 site
and Mechanism involving O3 site.

Mechanism involving O1 site: If transfer of H from V-H
involves the interaction with O1 of V-OH moiety, it leads to
the formation of product benzaldehyde and water molecule,
which later on get desorbed and give rise to a vacancy at vana-
dium site. The T.S. has been calculated and the activation
energy was found to be 6.9 kcal mol-1 with a translational

frequency at 828.4i cm-1. The T.S. structure is shown in Fig.
12b.

Mechanism involving O2 site: If transfer of H from V-H
involves the interaction with nearby bridged oxygen O2 of
VOV moiety, it leads to the formation of product benzaldehyde
and V-O-H group (Fig. 13) in the intermediate species, the
later in subsequent steps regenerates the catalyst. In the T.S.
lengthening of V-H bond takes place thus bringing it closer to
the oxygen atom. The T.S. structure for this possibility is shown
in Fig. 13b.

Mechanism involving O3 site: If transfer of H from V-H
involves the interaction with nearby oxygen O3 of V=O moiety,
it leads to the formation of product benzaldehyde and V-O-H
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group in the intermediate species, the later in subsequent steps
regenerates the catalyst. In the T.S. lengthening of V-H bond
takes place thus bringing it closer to the oxygen atom. The
T.S. structure for this possibility is shown in Fig. 14.

Formation and desorption of product from reaction
site: From the aforesaid discussion it can be concluded that
oxidative dehydrogenation of benzyl alcohol over the catalyst
surface involves adsorption of the alcohol over the catalyst

surface, through its OH group. This is followed by abstraction
of hydrogen atom from either OH or CH2 group of PhCH2OH
(Paths A and B). Abstraction of OH hydrogen atom (Path B)
requires much lower energy than that from the methylene (CH2)
group. The intermediate thus formed loses the second hydrogen
atom to the nearby vanadium atom, V1 or V2 to produce benzal-
dehyde (Paths C and D). Transfer of H to V1 (Path D) is a lower
energy process (Fig. 15).
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Catalyst regeneration: The product benzaldehyde formed
undergoes desorption and the catalyst is regenerated by three
possible pathways namely transfer of H from V-H to OH of
the attached group (Path E), O atom of the bridged V-O-V

group (Path F) or of nearby V=O group (Path G). The activation
energies for these three steps are 6.9, 14.54 and 13.68 kcal
mol-1, respectively. The steps are depicted in Fig. 16.
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Conclusion

A green process for synthesis of carbonyl compounds
(benzoic acid/benzaldehyde) has been developed by the oxi-
dation of benzyl alcohol employing air as an oxidizing agent.
The reaction was catalyzed by nanoporous ZrV2O7 catalyst,
prepared through solution combustion method. This mixed
metal oxide shown to have a good selectivity (81.78 % for the
benzoic acid) towards the particular oxidation process with a
maximum conversion of 93.89 % of benzyl alcohol at moderate
reaction conditions. Mechanism of the reaction was predicted
with the help of density functional theory calculations. The
reaction starts with adsorption of alcohol over the catalyst,
followed by the abstraction of hydrogen from OH group of
alcohol by vanadyl oxygen giving rise to benzyl oxide type
intermediate. The intermediate then loses hydrogen from the
methylene group with the help of nearby vanadium atom to
produce benzaldehyde. The minimum energy paths for
abstraction of both hydrogen atoms from benzyl alcohol have
been computed. The activation energies for different paths and
geometries of all the transition states are reported.

Efficiency of ZrV2O7 catalyst towards the particular oxida-
tion reaction provides a green and safe option for the synthesis
of carbonyl compounds. Its application may be extended for
the large scale production of these compounds.
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