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ABSTRACT
Photocatalytic oxidation of aromatic aldehydes to related carboxylic acids was investigated in the
presence of some Keggin heteroploy acids as phosphomolybdic acid H 3PMo12O40 (PMo), silicotungestic acid
H4SiW12O40 (SiW) and phosphotungstic acid H 3PW12O40 (PW). Keggin acids can catalyze the oxidation of 4carboxybenzaldehyde (4-CBA) and p-tolualdehyde (p-Tol) under homogeneous reaction. Also, for additional
studies, we reconnoitered the application of Keggin catalyst in the presence of persulfate (PS) as oxidizing
agent. Our results showed that in the presence of PS and (6 watt)UV light, the most active catalyst among the
used Keggin acids is the phosphomolybdic acid (80.9% yield) due to the high oxidative ability of molybdenum .
The effects of catalyst concentration, time and oxidant load have been studied. The mechanistic aspects of the
reaction also have been discussed.

Keywords Keggin heteropoly acid, photocatalytic oxidation, aromatic aldehyde, persulfate.
1. INTRODUCTION
The oxidation of aromatic aldehydes to
their corresponding carboxylic acids has been a
remarkable importance in industrial chemistry
as the obtained products are used in several
industrial applications as cosmetics,
preservatives materials, pharmaceuticals,
beverages and a wide variety of organic
chemicals [1-3]. The oxidations of aromatic
aldehydes using KMnO4 have been mentioned
in many reports [4-6]. Also, Oxone was used to
achieve such transformation in the help of other
catalysts [7-8], but these conventional oxidants
produce many amounts of undesirable waste
with very low product yield [9]. So, the
introduction of new and efficient catalysts is in
much demand.
Photocatalysis is astonishing in many
fields including water treatment, selective
organic synthesis, air cleaning, hydrogen
production and disinfection applications [1012]. In the last two decades, green
photocatalysts as polyoxometalates (POMs)
have been introduced and widely used which
they have similarity in the photochemical

characteristics and general properties of the
semiconductor photocatalyst. Among these
POMs, Keggin heteropoly acids (HPAs) and its
derivatives have been extensively used as
oxidation catalysts and acid for a numerous of
industrial applications and many organic
syntheses [13-18].
In homogeneous catalysis, POMs have
been used broadly in liquid phase because of
their high solubility in the polar solvents. So, in
the assisted photo oxidation reactions they can
be activated using UV light [19-20]. POMs
have high photocatalytic performance which is
based on the transfer of an electron from the
highest occupied molecular orbital(HOMO)to
the lowest unoccupied molecular orbital
(LUMO) and this action create positive charged
hole in HOMO orbital, the POM photocatalytic
activity is based on the created hole which has
strong oxidative property [21]. POMs have
some advantages as a multi-electron redox
processes which attributed to the huge number
of metal centers exist in the structure of POMs
[22], a strong light absorption in the spectral
range of 200-500 nm due to the O/M ligand-tometal charge transfer absorption bands [23] and
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the reduced POM can be re-oxidized in the
In brief, 50 g Na 2WO4·2H2O dissolved in
presence of persulfate, this make the system
100mlDW; then 11 g Na 2HP4·12H2O was
reliability is maintained even when hard
slowly added to this solution. HCl and diethyl
conditions are employed due to the absence of
ether were added and processed as mentioned
any organic ligands [23].
above in case of phosphomolybdic Keggin acid
H3PMo12O40 [26].
The objective of this paper is to extending
the applications of Keggin catalyst to oxidize
2.2.3. Synthesis of the silicotungstic Keggin
some aromatic aldehydes (4-CBA & p-Tol) to
acid H4SiW12O40
corresponding carboxylic acids in presence of
In brief, 50 g Na2WO4·2H2O dissolved
low power UV light and persulfate as oxidant.
in100 ml DW; then 4 g Na2SiO3 ·9H2O was
The catalytic photo-assisted activities of some
slowly added to this solution. HCl and diethyl
Keggin types as H3PW12O40, H3PMo12O40 and
ether were added and processed as mentioned
H4SiW12O40 have been examined under gentle
above [26].
experimental conditions.
2.3. Photoreactor
2. EXPERIMENTAL
A glass reactor with internal UV lamp (6
2.1. Materials
watt) as a light source inside quartz jacket. The
Na2MoO4 (Aldrich 98+%), Na2WO4·2H2O
temperature of the reaction was maintained at
(Aldrich98+%),Na2SiO3·9H2O (Aldrich 98+%),
25±1◦C by using an external cooling coil. The
H3PO4(JanssenChimica 85%), Na2HPO4.12H2O
lamp putted away from the sample surface by 3
(Aldrich 98+%),concentrated HCl (Merck
cm.
37%), diethyl ether (75 mL Merck 99.7+%),
concentrated HNO3 (Merck 65%),H2SO4
(Aldrich 95-98%), 4-carboxy benzaldehyde
(Merck ≥ 99%), sodium peroxodisulphate
Na2S2O8 (panreac quimica sau 98+%), 4methyle benzaldehyde (Merck ≥ 97%).
2.2. Catalyst preparation
The Keggin heteropolyacids were obtained
through the ‘etherate method’ [24].
2.2.1. Synthesis of the phosphomolybdic
Keggin acid H3PMo12O40
In brief 45.55 g of Na2MoO4 were
dissolved in 100 ml of distilled water (DW). 50
ml of 37% HCl and 5mL of concentrated
H3PO4were added. By transferring this acidified
solution to dropping funnel with diethyl ether
under shaking, the lowest formed layer has
been transferred to another dropping funnel
with HCl and diethyl ether and this process has
been repeated three times. The resulting
solution was evaporated, and by using Buchner
funnel the formed crystals were filtered [25].
2.2.2. Synthesis of the phosphotungstic
Keggin acid H3PW12O40

Scheme1, 1Photoreactor

2.4. Characterization
The prepared catalysts were characterized
via the following analytical techniques. XRD
patterns were record on a XPERT X-ray
diffractometer using CuKα radiation (λ =
0.1542 nm). The 2 Ө range was recorded
between 10 Ө and 80 Ө. Fourier Transformed
Infra Red spectra (FTIR) were recorded in the
transmission mode using a Nicolet IS-10, the
spectra were recorded between 400 and 4000
cm-1. FT-Raman spectroscopy was carried out
by using a model XploRA plus Raman
spectrometer, in the range200 and 2000 cm-1.
2.5. Catalytic reaction
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The photocatalytic oxidation reactions were
carried out in the presence of H 3PMo12O40 (10
mg/l) as catalyst and the molar ratio of 4-CBA
to PS is 1:1.2, a mixture of CH 3CN and H2O
(40:60) has been used as solvent. At first the
mixture was stirred in dark for 30 minutes so,
prior to photoactivation (by applying UV light
6 Watt), preassociation equilibrium was formed
during the substrate adsorption process in the
dark.
2.6. High performance liquid
chromatography (HPLC)
The products of the catalytic oxidation of
aromatic aldehydes were monitored by HPLC
analysis. HPLC system used equipped with a
sample injector, a pump (waters 515), and
UV/Visible detector waters 2489. System was
controlled by milleniumv®32 chromatography
manager waters, USA. X-bridge c18 (0.5µm,
6.4mm×250mm) column was used. The mobile
phase was consisted of an acetonitrile/water in
the ratio of 35:65 with 1 ml/min as a flow rate
and wave length equal 254nm. Detection wave
length for products was fixed after examination
of 3D plot (wavelength, intensity and time).
3. RESULTS AND DISCUSSION
The conversion of 4-CBA to Terephthalic
acid was very simplistic in the presence of
catalyst, oxidant and UV lamp. 14% yield of
corresponding acid was obtained by only UV
irradiation (without using oxidant and catalyst).
While, in absence of catalyst and presence of
oxidant 20% yield of corresponding acid was
obtained.
3.1. Catalyst Characterization
The XRD patterns of the catalysts are
shown in Fig.1. The XRD pattern of PW show
sharp diffraction peaks around 10.2Ɵ, 20.6 Ɵ,
25.2 Ɵ and 34.7 Ɵ in Fig. 1(a), PMo show
diffraction peak at 10.3Ɵ, 19.5 Ɵ, 28.4 Ɵ and
36.7 Ɵ in Fig. 1(b), and the SiW show
diffraction peaks at 8.1 Ɵ, 22.5 Ɵ, 27Ɵ and
34.7 Ɵ inFig.1(c); the result revealed that PW,
PMo and SiW possessed Keggin structure [2628].

Fig.1. XRD patterns of PW(a), PMo(b), and SiW(c).

FTIR spectra of the catalysts are shown in
Fig.2. The structure of the PW12O40 anion and
PMo12O40anion consists of a PO4tetrahedron
surrounded by four W3O9 groups or four
Mo3O13formed by edge sharing octahedral
respectively. These groups are connected each
other by corners sharing oxygen atoms [29].
The fingerprint region for these compounds
appears between 1100 and 700 cm-1 which give
four types of stretching bands. The absorption
band for P–O is (1080 cm -1), beside the
stretching band of W=Oat (990 cm-1). The two
peaks at810 and 910 cm-1, ascribed to two types
of W–O–W [30-31]. In case of PMo, The peaks
at 870 and the wide band cantered at ca.790
cm−1 [32] attributable to two types of Mo O Mo
units are also present [33]. The FTIR spectra of
SiW12 spectrum presents five characteristic
vibration modes located at 780, 890, 930, 980,
and1020 cm−1. The bands at 780 and 890
cm−1correspond to stretching of W O W chains,
those at 930 cm−1and 980 cm−1to Si O and W O
stretching’s, respectively [34]. The 1020 cm −1
band has been previously observed, however its
assignment is unknown [35] and it could be
attributed to an impurity adsorbed on the acidic
sites of the catalyst [33].
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3.2. Reaction optimization
3.2.1. Effect of catalyst dose

Fig. 2. FTIR spectra of PW, PMO and SiW.

Raman spectrum of PW reported in Fig. 3,
shows bands at 1010, 990 cm‾1 corresponding
to symmetric and asymmetric stretching modes,
respectively. The bands at 900 and 880 cm‾ 1 are
assigned to W-O-W asymmetric stretching.
Waker band at 550 cm‾1 assigned to bridging
W-O-W asymmetric stretching vibration
modes. The group band at 250 cm‾ 1 assigned to
W O bending [36]. Raman spectrum of PMo,
reported in Fig. 3, showed bands at 983 and
995 cm−1that are assigned to asymmetric and
symmetric stretching of terminal oxygen
Mo=O. The weak band at 882 cm −1can be
assigned to Mo O Mo asymmetric stretching,
whereas the band at 603 cm −1to a combined
stretching and bending of the Mo-O-Mo bonds
[37-38]. The Raman vibrational modes of SiW
typically assigned to the Keggin anion are those
located at 1019, 981, 927, 881 cm−1, attributed
to symmetrical and asymmetrical stretching
W=O and W-O-W modes [39].

The conversions of 4-CBA to Terephthalic
acid (TA) was investigated in solutions with
different catalyst concentrations (10 to 40 mg/l)
as shown in Fig.4. The results show that the
highest yield was obtained by using 10 mg/l
catalyst concentration, and any further
increasing of the catalyst concentration
decrease the yield of TA. The yield of TA
reached 80.9% after 3h, in the same time when
40 mg/l was used, the yield was 67.3%. These
data demonstrate that the photocatalytic activity
of phosphomolybdic acid is related to the
concentration, and suggest that in higher
concentrations of catalyst, the light dispersion
can occur leading to decrease of the photo
activity [40] and also may be oxidize
Terephthalic acid – corresponding acid –due to
the large number of molybdenum atoms which
provides many sites on the oval shape of the
molecule which tend to render the catalyst
effective, which increase the oxidation power
[9].

Fig.5. Effect of PS dose on the photoxidation of 4CBA to TA, in presences of 10 mg/l
H3PMo12O40 and UV lamp (6 Watt) at 3h.

3.2.3. Effect of reaction time

Fig. 3. Raman spectra of: PW, SiWand PMo.

The effect of reaction time on the yield
percent of carboxylic acids (Terephthalic acid)
in the photocatalytic oxidations of 4-CBA at the
other stage was studied. All of the studies were
performed with the best concentration of
catalyst (10 mg/l). The results are shown in
Fig.6showed that the yield percent of the
product increased with increases in the n
reaction time up to 3 hours.
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and HPV > HPMO > HPW. The potential of
HPA affected by the central atom of the
constant oxidation statevia the change of the
polyanion charge [44]. By increasing the anion
charge the oxidation potential of HPA falls in
the order PW12O40-3 (0.15 V) > Si W12O40-3(-0.05
V).A sequence of polyoxometalates was
proposed according to their decreasing
capability of reduction, based on the values of
their oxidation potential[45]as shown in Fig.8:
H3PMo12O40>H3PW12O40> H4SiW12O40
Fig.6. Effect of time on the photoxidation of 4CBA to TA, in presences of 10 mg/l
H3PMo12O40, 20 mg/l PS and UV lamp (6
Watt).

The catalytic photo oxidative of pTolualdehyde was studied under the optimum
conditions (catalyst 10 mg/l, UV lamp 6 Watt
and time 3 hr) and the results shows that the
percent of yield of Terephthalic acid has been
dropped to 25.23% compared with 4-CBA
(80.9%) as shown in Fig. 7, this due to
formation of another type of acids like p-toluic
acid and 4-CBA as by-products.

Fig.7. Effect of 10 mg/l H 3PMo12O40 on the
photoxidation of different types of
aldehyde 4-Carboxybenzaldehyde and ptolualdehyde to terephtalic acid, in
presences of 20 mg/l PS and UV lamp (6
Watt).

3.2.4. Effect of different types of POM.
POMs have Oxidative properties which
depend on both the central atom and the nature
of ligands. It has been established that both the
composition of POMs and the nature of
counteractions have an influence on the redox
properties [41-43]. The oxidative ability
decreases in the order VO -1> MoO4-2> WO4-2

Fig.8. Effect of different types of POM on the
photoxidation of 4-CBA to corresponding
acid, in presences of 10 mg/l catalyst, 20
mg/l PS and UV lamp (6 Watt).

3.3. Reaction mechanism
POMs have received attention as
photochemically active materials. Many of
POMs, such as H4SiW12O404-, H3PW12O403- and
H3PMo12O403-, show similarity in the
photochemical
characteristics
of
the
semiconductor photocatalyst. It is well known
that POMs considered powerful oxidizing
reagents by irradiating with visible and UV
light which leads to oxidize a huge number of
organic compounds.
POMs have photochemistry which can be
represented by the following photocatalytic
cycle. The POM can be photoexcited (POM*)
when exposed to UV irradiation, by electron
transfers from HOMO to LUMO orbital leading
to the creation a hole in HOMO orbital. The
hole has strong oxidative properties which able
to oxidize the aromatic aldehyde resulting in
the multi electron reduction of POM n-.
Accumulated electron on POM can be
reoxidized by electron acceptors, such as
various oxidant (e,g, SO4•‾, •OH and O2•)
which came from water and persulfate which
foolproof oxidant, and return the POM n to their
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[1] Tian, Q., Shi, D., Sha, Y. CuO and Ag2O/CuO
original oxidation state (POM).Thus, they
catalyzed oxidation of aldehydes to the
complete a full photocatalytic cycle. The
corresponding
carboxylic
acids
by
proposed photocatalytic cycle of POMs, which
molecularoxygen,
Molecules.
2008,
13,
948–
is similar to the familiar photocatalytic cycle of
57.
semiconductor photocatalysts [46-51] is shown
[2] Chumbhale,V. R., Paradhy, S. A., Anilkumar, M.,
in Scheme 2.
Kadam, S.T., Bokade, V. V. Vapour phase
oxidation Of acetophenone to benzoicacid over
binary oxides of V and Mo. Chem. Eng. Res.
Des. 2005,83, 75–80.

[3] Yuan, Z.H., Chen, B. Z., Zhao, J. S. Controll
ability analysis for the liquid phase catalytic
oxidation of toluene to benzoic acid. Chem.
Eng. Sci. 2011,66, 5137–47.
[4] Choudhary, A. R., Dumbre, D. K.,Narkhede, V.
S. Solvent free oxidation of aldehydes to acids
by TBHP using environmental friendly MnO4−
exchanged Mg Alhydrotalcite catalyst. J. Chem.
Sci. 2012,124, 835–9.
Scheme

2. The photocatalytic cycle of a
polyoxometalate
(POM).
POM*=
Photoexcited POM, POMn- = Reduced
POM,PS= Persulfate, S= Organic
substrate, Sox= Oxidized substrate.

4. CONCLUSION
The present study exhibit the photocatalytic
activity of Keggin-types HPA catalysts for the
oxidation of aromatic aldehydes in presence of
persulfate as oxidant in homogeneous
conditions. Optimum conditions have been
obtained, and the results revealed that the
catalyst concentration, type of addenda atom
and UV light are important factors. The
importance of this study with easily prepared
and inexpensive catalysts essentially lies in the
fact that their use would show the way to an
alternative technology for the other systems and
other aromatic and aliphatic aldehydes, which
are of important in nanotechnology, and many
industrial fields with advantages from the
attitude of the environmental care. In addition,
simple procedure and experimental set up
makes this method a valuable addition to the
current methodologies.
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