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e ([PW11O39]
7�) immobilized on

mesoporous polymer for selective liquid-phase
oxidation of alcohols using H2O2†

Sathyapal R. Churipard, ab Kempanna S. Kanakikodi, ab Jyoti Roy Choudhuric

and Sanjeev P. Maradur *a

Selective oxidation of alcohols is an attractive organic transformation and has received tremendous

attention from the scientific community over the years. Herein, a mesoporous polymer (MP) was

synthesized by a template-free solvothermal approach. The surface of the MP was functionalized with

quaternary ammonium groups and polyoxotungstate anion (PW11O39
7�) was subsequently supported on

the MP as a counter anion to the ammonium cation by a simple ion-exchange procedure. The structure

of PW11 and PW4 complexes was confirmed by 31P NMR and FTIR analysis. The surface properties of all

the catalysts synthesized were explored by various characterization techniques such as nitrogen

sorption, TGA, contact angle measurement, and ICP-OES analysis. The synthesized PW11/MP catalysts

were employed for selective oxidation of alcohols. Among the various PW11 supported catalysts, PW11/

MP (80 : 20) demonstrated excellent catalytic activity for the oxidation of alcohols using aqueous H2O2.

The PW11/MP (80 : 20) catalyst showed good catalytic activity for oxidation of a wide range of alcohols

including substituted, heterocyclic and secondary alcohols. The superior catalytic activity of PW11/MP

(80 : 20) is attributed to an optimum balance in the hydrophilicity/hydrophobicity in the mesoporous

environment, better catalyst wettability, and enrichment of reactants in the catalytic active sites.
1 Introduction

Oxidation reactions are among the most signicant reactions in
organic synthesis. However, they are amongst the most
hazardous and problematic processes which oen entail a high
E-factor and environmental risks.1–5 Oxidation of alcohols,
particularly benzyl alcohol to benzaldehyde is one of the key
transformations in organic synthesis due to immense applica-
tions of benzaldehyde in perfumery, dye, pharmaceuticals, and
agricultural industries.6,7 Previously, alcohol oxidations were
performed using stoichiometric amounts of toxic oxidants
which inevitably produce harmful by-products and pose severe
threats to the environment.8–13 As a result, researchers focused
to explore new heterogeneous catalysts that can utilize envi-
ronmentally friendly oxidants like molecular oxygen or H2O2 for
oxidation reactions.14 Thereby, it offers several advantages like
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35997
easy separation, recyclability, and reusability of the catalysts. In
this context, many noble metal-supported catalysts were devel-
oped which exhibit superior catalytic activity for aerobic
oxidation of alcohols.15–22 But many of these catalysts are prone
to deactivation, complex synthetic procedures, and are expen-
sive which curb their use for industrial applications.23 There-
fore, it was obligatory to design non-noble metal-based catalysts
for oxidation reactions. To replace the noble-metals catalysts,
several transitionmetal-based catalysts are reported for efficient
oxidation of various substrates. Among them, tungsten-based
catalyst systems occupy a special place because of its
resourceful versatility and overwhelming ability in oxidation
reactions. Jacobson, Ishii, Venturello, and Noyori's pioneering
work on tungsten-based catalyst systems revealed the superi-
ority of tungsten-based catalysts for oxidation of various
substrates including alcohols, suldes, and olens.24–27 There-
aer several efficient protocols for oxidation reactions were
developed using tungsten-based catalysts.28–34 Butmany of these
catalysts are homogeneous and suffer from lack of catalysts
recovery and reusability which still needs to be addressed. The
use of costly phase transfer catalyst in some of these systems
hinders its commercial exploitation.1,35 Therefore it is impera-
tive to immobilize the tungsten-based catalysts on solid
supports, which is one of the promising ways to solve the
aforementioned problems.36,37
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 FTIR spectra of polyoxotungstate supported catalysts and
unmodified polymer (MP).
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On the other hand, polyoxometalates (POM) stands as
a versatile catalyst owing to its redox and acidic properties. In
particular, Keggin heteropolyacids (HPA) have received signi-
cant attention in catalysis which stems from the fact that the
acidic and redox properties in this material can be easily tuned
by changing their composition and structures. Among the
various Keggin heteropolyacids, HPAs with tungsten atoms are
extensively studied for catalysis. Nevertheless, the POMs still
suffer from limitations such as low surface area, high solubility
in polar solvents, lack of recyclability, and reusability which
needs to be addressed.38–40

In this context, the conversion of heteropolyacids to neutral
salt by the replacement of protons in heteropolyacids by large
cations makes it insoluble in many solvents and serves as an
efficient heterogeneous POM catalyst. Furthermore, the
removal of addenda atom (metal) from Keggin heteropolyanion
creates vacancy and generates lacunary Keggin structure which
is more potential catalyst in activating various organic
substrates than its precursor with saturated anion.41,42

There are several reports on the heterogenization of
tungsten-based POMs on high surface area supports.43 Van
Bekkum et al. have done pioneering work on MCM-41-
supported heteropoly acids.44 Kholdheeva et al. have worked
extensively on supported POMs and also reviewed recent trends
in the eld.45–48 Then several supports such as MOF,49 SBA-15,50

zeolites,51 were used to increase the dispersion, atomic utiliza-
tion, and the number of accessible active sites of POM.52,53

However, many of the heterogeneous POM catalysts entail
complex synthetic procedures and have limitations such as low
catalytic activity, tungsten leaching, and low accessibility of
active sites to the substrates. Hence, it is obligatory to design
the tungsten-based heterogeneous catalyst with a simple
synthetic procedure, which offers higher catalytic activity, better
catalyst wettability and accessibility of active sites to the
reactants.

In this context, mesoporous polymers are potential candi-
dates for the immobilization of various active sites. It shares the
property of mesoporous silica and organic framework of
a polymer. The pore diameters can be tailored and the organic
frameworks can be functionalized through co-polymerization
and/or post-synthesis organic reactions.54–59 The hydropho-
bicity–hydrophilicity in the material can be easily tuned by
varying the composition of monomers or by post-synthetic
modications. The effect of substrate wettability on catalytic
activity is an important aspect that is overlooked for a long time
in heterogeneous catalysis. There are very few reports on the
effect of catalyst wettability on catalytic activity. Unlike other
catalysts, mesoporous polymers offer better control over tuning
the catalyst wettability. Catalyst wettability is one of the key
factors in catalysis since it greatly inuences the adsorption and
desorption of reactants and products and plays a decisive role in
enhancing the catalytic activity.60–67 Furthermore, mesoporous
polymer have diverse synthetic routes that facilitate the incor-
poration of several chemical functionalities and offer signi-
cant advantages than conventional porous materials. These
promising features of mesoporous polymer make it a potential
candidate for heterogeneous catalysis.68–71
This journal is © The Royal Society of Chemistry 2020
In the present study, we have synthesized polyoxotungstate
immobilized mesoporous polymer (PW11/MP) by template-free
solvothermal approach. The catalytic activity of the PW11/MP
catalyst was evaluated for the green oxidation benzyl alcohol to
benzaldehyde using H2O2. Additionally, the catalytic applica-
tion of the PW11/MP (80 : 20) catalyst was extended to a wide
range of alcohol substrates. The concentration of quaternary
functional groups in the material was varied to investigate the
effect of hydrophilic environment on the substrate wettability
and catalytic activity. The optimum hydrophobic–hydrophilic
environment helps to provide better catalyst wettability for the
oxidation of hydrophobic benzyl alcohol with aqueous H2O2.
Herein, we have demonstrated the superior role of catalyst
wettability than other physicochemical properties of catalyst in
enhancing the catalytic activity.

2 Results and discussion

Mesoporous polymers (MP) were synthesized by free radical
polymerization of divinylbenzene and vinylbenzyl chloride. It
was then functionalized with trimethylamine. The poly-
oxotungstate anion [PW11O39]

7� abbreviated as (PW11) was
supported on the polymer by electrostatic interaction to get
polyoxotungstate supported mesoporous polymer (PW11/MP).
For comparison, we have synthesized polyoxotungstate sup-
ported KIT-6 (PW11/KIT-6) and polyoxotungstate supported
Amberlite (PW11/Amberlite). The detailed synthesis procedure
of the catalysts is given in the experimental section. The cata-
lytic activity of PW11/MP was evaluated for the oxidation of
benzyl alcohol and various other alcohols. Its catalytic activity
was compared with PW11/KIT-6 and PW11/Amberlite catalysts.

2.1 Physicochemical characterization

FT-IR spectra of MP, PW11, and PW11 supported on different
supports are shown in Fig. 1. The PW11 complex exhibited
a characteristic peak at 975 cm�1 which corresponds to the
W]O bond, this characteristic peak was also observed in PW11
RSC Adv., 2020, 10, 35988–35997 | 35989
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Fig. 2 31P NMR spectra of PW11complex, fresh and recycled PW11/MP
polymer.
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supported catalysts which conrms the successful incorpora-
tion of polyoxotungstate complex in the mesoporous polymer as
well as in other supports.72 The peaks observed at 1605, 2960
and 2850 cm�1 in the MP and PW11/MP correspond to C]C,
CH2, and C–H bonds of the polymeric support respectively. The
band around 676 cm�1 in unmodied MP polymer is attributed
to the stretching vibration of C–Cl bond which is found to be
absent in the polyoxotungstate supported mesoporous poly-
mers which conrms the successful quaternization of meso-
porous polymers by trimethylamine. For clarity we have also
subtracted the FTIR spectrum of PW11/MP (80 : 20) with the
quarternary ammonium functionalised mesoporous polymer in
the NO3� form without PW11 loading to distinguish the peaks
corresponding to PW11 complex in the PW11 supported MP
catalyst (ESI Fig. S1 and S2†).

FT-IR spectrum of the PW4 complex revealed the presence of
a characteristic peak at 870 cm�1 which is attributed to O–O
bond of the peroxo group (ESI Fig. S3†). The peak at 591 and
523 cm�1 is assigned to W–O2 which is a vibration of a typical
peroxotungstate complex (PW4).26 These characteristic peaks of
peroxotungstate (PW4) complex were found absent in the lacu-
nary Keggin polyoxotungstate (PW11) complex which distin-
guishes the structural difference between the two complexes.

The thermal stability of the polymeric catalyst was investi-
gated by thermogravimetric analysis (TGA) (ESI Fig. S4†). TGA
analysis was performed at a ramp rate of 10 �C min�1 under
a ow of nitrogen. The PW11/MP (80 : 20) catalyst showed
a multistage decomposition from 30 to 800 �C. The initial
weight loss of 3 wt% in PW11/MP (80 : 20) polymer below 100 �C
is attributed to the desorption of physisorbed water molecules.
The weight loss from 200 �C to 250 �C is possibly due to the
decomposition of quaternary ammonium groups. The third
step of weight loss is observed from 370–470 �C which is
attributed to the destruction of the polymeric framework in the
catalysts.73,74 This conrms that the catalyst is stable up to
200 �C.

The physicochemical properties of various catalysts are
summarized in Tables 1 and S1.† The porous properties of all
the catalysts were determined by nitrogen sorption measure-
ments. All the MP polymers and PW11/MP catalysts displayed
typical type IV isotherm (ESI Fig. S5†) which is a characteristic
property of mesoporous materials. The total surface area
reduced drastically upon increasing the molar ratio of vinyl-
benzyl chloride in the polymer (Table 1). The MP polymer with
Table 1 Physicochemical properties of MP and PW11/MP

Sample SBET (m2 g�1) Vt
a (ccg�1

MP (90 : 10) 384 0.57
MP (80 : 20) 225 0.43
MP (70 : 30) 46 0.11
PW11/MP (90 : 10) 358 0.49
PW11/MP (80 : 20) 157 0.46
PW11/MP (70 : 30) 7 —

a By BJH method. b Measured by ICP-OES analysis.

35990 | RSC Adv., 2020, 10, 35988–35997
20 mol% of vinylbenzyl chloride is the threshold limit for
retaining the mesoporosity in the polymer, beyond which the
porosity of the polymer is lost and the material becomes
nonporous. All the polymers showed a BJH pore size of 13.9 nm
except PW11/MP (70 : 30) which was nonporous (ESI Fig. S6†).
The recycled PW11/MP catalyst was also characterized to check
the stability of the porous structure in the reaction conditions.
The analysis showed that the material retained its mesoporosity
with a slight decrease in the surface area even aer ve recycles
(ESI Table S1†). Polyoxotungstate supported catalysts were also
characterized by ICP-OES to determine the amount of tungsten
loaded in each catalyst (Table 1). The tungsten loading was in
the range of 0.0867 to 0.1556 mmol g�1 of mesoporous polymer
catalyst. The data suggests that with an increase in the amount
of vinylbenzyl chloride in polymer, there is an increase in
tungsten loading in the catalyst.

The structural integrity of the prepared PW11 complex and
PW11 supported mesoporous polymer were conrmed by 31P
MAS NMR analysis which is themost reliable technique so far in
elucidating the structure of polyoxotungstates (Fig. 2). The PW11

complex showed a characteristic peak at �12.7 ppm which is
ascribed to the lacunary Keggin-type structure of [PW11O39]

7-

�complex.75 The PW11/MP (80 : 20) catalyst exhibited a strong
resonance peak at �14.7 ppm, which is attributed to the PW11

complex in the new environment of the quaternary ammonium
functionalized mesoporous polymer.52,76 The shi in 31P MAS
) Pore size (nm)a Tungstenb (mmol g�1)

13.9 —
13.9 —
13.9 —
13.9 0.0867
13.9 0.130
— 0.1556

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Contact angle of H2O2 droplet on: (a) PW11/MP (90 : 10), (b)
PW11/MP (80 : 20) and (c) PW11/MP (70 : 30).

Scheme 1 Reaction scheme for the oxidation of benzyl alcohol using
H2O2.

Table 2 Comparison of catalytic activitya

Catalyst
Benzyl alcohol
conversion (wt%)

Benzaldehyde
selectivity (wt%)

Blank 1b Traces Traces
Blank 2c Traces Traces
Blank 3d Traces Traces
PW11 95.0 78.2
PW11/MP (90 : 10) 85.5 67.5
PW11/MP (80 : 20) 94.2 69.8
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NMR signal from �12.7 to �14.7 ppm of PW11/MP (80 : 20)
could be due to the strong interaction between the PW11

complex and the polymeric support or due to the hydration or
protonation of the PW11 anion.49,77

The 5 times recycled PW11/MP (80 : 20) catalyst also exhibi-
ted the characteristic resonance peak at �14.7 ppm similar to
that of fresh PW11/MP (80 : 20) catalyst which conrms that the
catalyst is stable in the reaction conditions. It is rather unusual
that PW11 complex retaining the structure aer catalysis. The
PW11 complex will undergo decomposition in the presence of
excess of H2O2.

For comparison of the structure of the PW11 complex, we also
synthesized the tetranuclear peroxotungstate complex (PW4)
and conrmed its structure by characterization. The structure
of the tetranuclear peroxotungstate (PW4) complex is conrmed
by 31P NMR analysis. The 31P NMR analysis of the PW4 complex
showed a resonance peak at +7.1 ppm which suggests that the
synthesized complex has a tetranuclear peroxotungstate (PW4)
structure (ESI Fig. S7†).

To understand the role of catalyst wettability of PW11/MP
catalysts, contact angle measurement was performed (Fig. 3).
PW11/MP (90 : 10) displayed a contact angle of 120� for 30%
H2O2 whereas PW11/MP (80 : 20) and PW11/MP (70 : 30) showed
a lower contact angle of 107� and 82� respectively. This indicates
that PW11/MP (70 : 30) exhibits higher wettability for H2O2 than
PW11/MP (90 : 10) and PW11/MP (80 : 20). Since benzyl alcohol
was passing through the pellet of PW11/MP catalysts, the contact
angle of benzyl alcohol on the PW11/MP catalyst could not be
measured.

However, the catalyst wettability of PW11/MP catalysts for
benzyl alcohol was measured in terms of its adsorption capacity
(ESI Table S2†). The adsorption capacity of benzyl alcohol was
measured for all PW11/MP catalysts. PW11/MP (90 : 10) catalyst
showed the highest adsorption capacity of 4.2 times, whereas
PW11/MP (80 : 20) and PW11/MP (70 : 30) showed adsorption
capacity of 2.2 and 1.7 times respectively. This conrms that
PW11/MP (90 : 10) exhibits higher wettability for benzyl alcohol.
On the other hand, the PW11/MP (80 : 20) offers a good wetta-
bility for both the reactants thereby leading to enhanced cata-
lytic activity without any competitive diffusion of reactants to
the catalytic active sites in the polymeric matrix.
PW11/MP (70 : 30) 85.5 67.6
PW11/KIT-6 10.7 37.6
PW11/Amberlite IRA 900 66.3 74.8

a Reaction conditions: benzyl alcohol ¼ 20 mmol, H2O2 ¼ 30 mmol,
catalyst ¼ 10 wt% w.r.t alcohol, temperature ¼ 90 �C, reaction time ¼
6 h. b In the absence catalyst. c In the absence ofH2O2.

d In the
presence of unmodied MP and H2O2.
2.2 Effect of pH and reaction conditions on the structure of
polyoxotungstate complex synthesized

Typically, Keggin HPAs are treated with alkali to remove the
protons and generate a lacunary Keggin structure. The type of
addenda atom (tungsten), hetero atom (phosphorous),
This journal is © The Royal Society of Chemistry 2020
quaternary ammonium salt, pH, and the synthesis conditions
used will signicantly affect the structure and stability of the
nal polyoxotungstate synthesized. However, tungsten-based
POMs are less labile than molybdenum, thus higher pH
values are required to remove the WO unit and generate the
Keggin structure.38,78–80

In the current synthetic approach of the PW11 complex, the
pH of the solution during the synthesis was found to be high
(pH ¼ 7) and the quaternary ammonium salt used was tetra-
butylammonium bromide which has favoured the formation of
monolacunary Keggin structure (PW11). Whereas the pH during
the synthesis of tetranuclear peroxotungstate complex was low
(pH ¼ 1) and we have employed methyltrioctylammonium
chloride which has resulted in the tetranuclear peroxotungstate
(PW4) complex. The structures of both complexes were
conrmed by 31P NMR and FTIR analysis.
2.3 Catalytic activity studies

All the polyoxotungstate (PW11) supported catalysts were
screened for the oxidation of benzyl alcohol to benzaldehyde
using H2O2 as a green oxidant (Scheme 1). Three blank reac-
tions were performed, (1) in the absence of catalyst, (2) in the
absence of H2O2, and (3) with unmodied MP polymer and
H2O2. Blank 1 and 2 experiments ensured that both H2O2 and
the catalyst are required for the oxidation of benzyl alcohol. The
blank 3 experiment proved the innocuous nature of meso-
porous polymer (MP) support for the immobilization of poly-
oxotungstate complex (PW11) and as suchMP is not active in the
RSC Adv., 2020, 10, 35988–35997 | 35991
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Fig. 4 Effect of catalyst concentration on benzyl alcohol conversion
and selectivity. Reaction conditions: benzyl alcohol ¼ 20 mmol, H2O2

¼ 20 mmol, reaction temperature ¼ 90 �C, reaction time ¼ 6 h,
catalyst ¼ PW11/MP (80 : 20).
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reaction (Table 2). The blank reactions showed negligible
conversion (<1%) which conrms that this reaction proceeds
only with the aid of a catalyst. All the polyoxotungstate sup-
ported catalysts were screened for benzyl alcohol oxidation
under identical conditions.

Among all the catalysts screened, PW11 complex (homoge-
neous), and the PW11/MP (80 : 20) catalyst showed the best
catalytic activities. PW11/MP (80 : 20) catalyst retained the
catalytic activity of the PW11 complex even aer heterogeniza-
tion and exhibited the highest conversion (94.2%) with 69.8%
benzaldehyde selectivity (Table 2). The superior catalytic activity
of the PW11/MP (80 : 20) catalyst is attributed to the optimum
amount of active sites distributed in the mesoporous environ-
ment and better wettability of catalyst for both the reactants.34,62

Despite higher tungsten loading (0.1556 mmol g�1), the
PW11/MP (70 : 30) catalyst showed lower conversion and selec-
tivity. This may be due to the non-porous nature of the catalyst
and lower wettability for the hydrophobic alcohol substrate on
the catalyst surface. PW11/Amberlite showed a lower yield of
benzaldehyde which is possibly due to the lower surface area of
the catalyst (ESI Table S1†). PW11/KIT-6 catalyst has higher
surface area but showed lower catalytic activity, which could be
attributed to the lower wettability and lower accessibility of
active sites to the reactants. Hence, PW11/MP (80 : 20) was
selected as the best catalyst for further screening and optimi-
zation of reaction conditions.

To identify the unique properties of the PW11/MP (80 : 20)
catalyst, benzyl alcohol oxidation was done with all PW11/MP
catalysts with identical amounts of tungsten (ESI Table S3†).
Despite having high surface area PW11/MP (90 : 10) catalyst was
less active as compared to PW11/MP (80 : 20). Similarly, PW11/
MP (70 : 30) catalyst also gave a low yield of benzaldehyde.
Hence, these ndings suggest that catalyst wettability is playing
a major role in this catalyst than high surface area and the
presence of optimum active sites.
2.4 Effect of the substrate to oxidant mole ratio

The effect of the substrate to oxidant mole ratio was studied by
varying the moles of H2O2 taken. When the mole ratio of H2O2

to benzaldehyde was increased from 1 to 1.5 the benzyl alcohol
conversion increased from 87.9% to 94% (Table 3). However,
there was a 12% decrease in benzaldehyde selectivity upon an
increase in mole ratio because of the formation of by-products.
Table 3 Effect of mole ratioa

Catalyst H2O2/BzOH
Benzyl alcohol
conv. (wt%)

Benzaldehyde
selec. (wt%)

PW11/MP (80 : 20) 1.5 94.2 69.8
PW11/MP (80 : 20) 1.2 94.2 74.1
PW11/MP (80 : 20) 1.0 87.9 81.6

a Reaction conditions: benzyl alcohol ¼ 20 mmol, catalyst ¼ PW11/MP
(80 : 20) 10wt% w.r.t. benzyl alcohol, reaction temperature ¼ 90 �C,
reaction time ¼ 6 h.

35992 | RSC Adv., 2020, 10, 35988–35997
Hence, the H2O2 to benzaldehyde mole ratio of 1 : 1 was found
to be optimum and selected for further studies.
2.5 Effect of catalyst concentration

Effect of catalyst concentration on benzyl alcohol oxidation was
studied by varying the catalyst amount from 5 to 15 wt% w.r.t.
benzyl alcohol (Fig. 4). As the catalyst concentration was
increased from 5 to 10 wt%, there was an increase in benzyl
alcohol conversion and benzaldehyde selectivity. The catalyst
concentration above 10 wt% did not have any signicant
inuence on the catalytic activity. Hence 10 wt% of catalyst was
selected as optimum catalyst concentration for further studies.
2.6 Effect of reaction time

The inuence of reaction time on catalytic activity was studied
using PW11/MP (80 : 20) catalyst (ESI Fig. S8†). The results
indicate that the catalyst is highly active and showed more than
74% benzyl alcohol conversion with 86% benzaldehyde selec-
tivity in the initial 3 h. With the increase in time, the benzyl
alcohol conversion increased to 87%. However, the selectivity to
benzaldehyde slightly decreased aer 6 h. This is possibly due
to the over oxidation of benzaldehyde to benzoic acid during
prolonged reaction time.81
2.7 Effect of reaction temperature

Effect of temperature on benzyl alcohol oxidation was investi-
gated in the range of 70–110 �C using benzyl alcohol to H2O2

mole ratio of 1 and 10 wt% of PW11/MP (80 : 20) catalyst (Fig. 5).
As the temperature was increased from 70–90 �C, the yield of
benzaldehyde has signicantly improved but further increasing
the temperature beyond 90 �C shows less benzaldehyde yield.
This could be possibly due to the fast decomposition of H2O2 at
higher temperatures. Hence, 90 �C was selected as the optimum
temperature for further studies. This suggests that temperature
can increase the benzyl alcohol conversion but it does not
inuence the benzaldehyde selectivity.82
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Effect of reaction temperature. Reaction conditions: benzyl
alcohol ¼ 20 mmol, H2O2 ¼ 20 mmol, catalyst ¼ PW11/MP (80 : 20)
10 wt% (w.r.t benzyl alcohol), reaction time ¼ 6 h,others ¼ benzoic
acid and benzyl benzoate.

Fig. 7 Catalyst reusability test. Reaction conditions: benzyl alcohol ¼
20 mmol, H2O2 ¼ 20 mmol, catalyst¼ PW11/MP (80 : 20) 10 wt% (w.r.t
benzyl alcohol), temperature ¼ 90 �C, reaction time ¼ 6 h.
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2.8 Effect of solvents

The effect of solvent on catalytic oxidation of benzyl alcohol was
studied using various solvents like water, toluene, acetonitrile,
benzonitrile, and acetone under optimized reaction conditions
(Fig. 6). Interestingly it was observed that water acts as the best
solvent for the oxidation of benzyl alcohol. A higher yield of
benzaldehyde was obtained when water was used as a solvent.
The observed phenomenon could be attributed to the proper
balance of hydrophobicity–hydrophilicity in the catalyst surface
that offers excellent wettability for both benzyl alcohol and
aqueous H2O2.62 The proper balance of the hydrophobic
support and hydrophilic quaternary ammonium groups would
lead to enhanced catalytic activity when water is used as
a solvent.83 Hence, the PW11/MP (80 : 20) catalyst acts as green
Fig. 6 Effect of solvents. Reaction conditions: benzyl alcohol ¼
20 mmol, catalyst ¼ PW11/MP (80 : 20) 10 wt% (w.r.t benzyl alcohol),
solvent ¼ 6 ml, benzyl alcohol: H2O2 ¼ 1 : 1, temperature ¼ reflux
temperature of solvent, reaction time ¼ 6 h.

This journal is © The Royal Society of Chemistry 2020
heterogeneous catalysts for triphasic oxidation of benzyl
alcohol on water.
2.9 Catalyst reusability test and leaching studies

The catalyst reusability test was performed for PW11/MP
(80 : 20) catalyst under optimized reaction conditions to check
the stability of catalyst under the reaction conditions (Fig. 7).
Aer each run, the catalyst was ltered, washed with an excess
of methanol and acetone to remove the adsorbed reactants or
products.

It was dried at 70 �C for 3 h and used for the next run. PW11/
MP (80 : 20) showed good recyclability and retained its catalytic
activity up to 5 recycles without signicant loss in its catalytic
activity. This proves that the catalyst is truly heterogeneous and
can be used for several recycles without loss in its catalytic
activity.

Leaching study was performed to check the stability of the
PW11/MP (80 : 20) catalyst towards the leaching of the active
species (PW11). The reaction was stopped aer 1 h and the
Fig. 8 Leaching studies. Reaction conditions: benzyl alcohol ¼
20 mmol, H2O2 ¼ 20 mmol, catalyst¼ PW11/MP (80 : 20) 10 wt% (w.r.t
benzyl alcohol), temperature ¼ 90 �C.

RSC Adv., 2020, 10, 35988–35997 | 35993
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Table 4 Substrate scope for alcohol oxidationa

Alcohol substrate Alcohol:H2O2 Alcohol conv. (wt%) Product selec. (wt%)

Benzyl alcohol 1 : 1 87.9 81.6
4-Hydroxy benzyl alcoholb 1 : 1 81.1 68.0
Cyclohexanol 1 : 2 74.2 100.0
4-Chlorobenzyl alcoholb 1 : 2 72.9 86.2
4-Methoxy benzyl alcoholb 1 : 2 82.0 67.2
3-Phenoxy benzyl alcoholb,c 1 : 2 67.6 89.2
1-Hexanolb,c 1 : 1 6.3 100.0
1-Octanolb,c 1 : 1 7.5 100.0
Pyridine methanolb 1 : 1 49.1 89.4

a Reaction conditions: alcohol ¼ 20 mmol, catalyst ¼ PW11/MP (80 : 20) 10 wt% w.r.t alcohol, temperature ¼ 90 �C, reaction time ¼ 6 h. b 6 ml of
acetonitrile was used as solvent. c Reaction time 18 h.
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catalyst was separated from the reaction mixture by ltration.
The reaction was then allowed to proceed further without the
catalyst. There was almost no change in the benzyl alcohol
conversion aer removal of the catalyst from the reaction
medium which conrms the heterogeneous nature of the PW11/
MP (80 : 20) catalyst (Fig. 8). Further, the reaction mixture was
subjected to ICP-OES analysis to estimate the amount of tung-
sten leached in the solution. The ICP-OES data showed that
there is no detectable amount of tungsten in the ltered reac-
tion solution which conrms that there is no leaching of PW11

active species from the catalyst (ESI Table S1†).
2.10 Substrate scope for alcohol oxidation

To investigate the general applicability of present methodology,
PW11/MP (80 : 20) catalyst was employed for the oxidation of
various alcohols including primary, secondary, and heterocyclic
alcohols. PW11/MP (80 : 20) showed high catalytic activity for
oxidation of primary, secondary, and substituted alcohols
(Table 4).

High yield of corresponding carbonyl compounds was ob-
tained in 6 h for the oxidation of benzyl alcohol, 4-hydroxy
benzyl alcohol, 4-chloro benzyl alcohol, and 4-methoxy benzyl
alcohol. Whereas for non-activated cyclohexanol and bulky
Fig. 9 FTIR spectra of fresh & 5 times recycled PW11/MP (80 : 20).

35994 | RSC Adv., 2020, 10, 35988–35997
group substituted alcohol like phenoxy benzyl alcohol took
longer reaction time (18 h) to get a high yield. Heterocyclic
alcohol (pyridine methanol) and aliphatic alcohols showed
lower yield compared to other alcohol substrates.
2.11 Characterization of spent catalyst

The FT-IR spectrum of the 5 times recycled PW11/MP (80 : 20)
catalyst was compared with that of the fresh catalyst (Fig. 9). The
recycled catalyst showed a characteristic peak at 975 cm�1

which corresponds to the W]O bond. Polyoxotungstate func-
tionalized polymer has retained all the characteristic peaks of
the polyoxotungstate complex. The 5 times recycled catalyst was
also characterized by ICP-OES analysis. It showed almost
similar amount of tungsten as the fresh catalyst, this conrms
that there is no leaching of tungsten in the reaction medium
(ESI Table S1†). The results of FTIR and ICP-OES reveal that the
catalyst is stable under the reaction conditions and the poly-
oxotungstate complex is intact in the mesoporous polymer even
aer 5 recycles.
3 Conclusion

Polyoxotungstate supported mesoporous polymers (PW11/MP)
were hydrothermally synthesized by free radical polymerization
technique using THF and water as porogen. The 31P NMR and
FTIR analysis conrmed that the synthesized polyoxotungstate
complex has a PW11 structure. The change in chemical shi
value from �12.7 ppm to �14.7 ppm in 31P NMR analysis
indicates the strong interaction of the PW11 complex with the
polymeric support upon immobilization. The catalytic activity
of PW11/MP catalysts was evaluated for the selective oxidation of
various alcohols. PW11/MP (80 : 20) showed high catalytic
activity compared to all other PW11 supported catalysts
screened. The reaction conditions were optimized to get a high
yield of targeted products. High yield of benzaldehyde was ob-
tained for the oxidation of benzyl alcohol when water was used
as a solvent, this shed light on better wettability of the reactants
in PW11/MP (80 : 20) catalyst. The high catalytic performance of
PW11/MP (80 : 20) is attributed to the better dispersion of the
optimum number of active sites (PW11) in mesopores and
This journal is © The Royal Society of Chemistry 2020
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proper balance between the hydrophobic and hydrophilic
surface in the catalyst. PW11/MP (80 : 20) catalyst was stable and
retained its catalytic activity up to 5 recycles. These promising
features of PW11/MP (80 : 20) make it an efficient catalyst for the
selective oxidation of a wide range of alcohols using green
oxidant (H2O2).
4. Experimental section

Tetrahydrofuran (THF), acetone, acetonitrile, hydrogen
peroxide (H2O2), toluene, alcohols, and product standards were
purchased from Merck India Ltd, vinylbenzyl chloride (VBC)
was purchased from Sigma Aldrich, sodium tungstate, trime-
thylamine, phosphoric acid, sodium nitrate was obtained from
SD ne chemicals Ltd, tetrabutylammonium bromide was
purchased from Sisco Research Laboratories Pvt. Ltd (SRL),
divinylbenzene (DVB) was purchased from TCI chemicals, azo-
bisisobutyronitrile (AIBN) was obtained from Paras Polymer
and Chemical, India, Amberlite IRA 900 resin was obtained
from Alfa Aesar.
4.1 Catalyst preparation

4.1.1. Synthesis of mesoporous divinylbenzene-vinylbenzyl
chloride copolymer (MP). Mesoporous divinylbenzene-
vinylbenzyl chloride copolymer of varying mole ratios (90 : 10,
80 : 20, and 70 : 30) was synthesized solvothermally by free
radical polymerization of divinylbenzene and vinylbenzyl chlo-
ride monomers. Wherein, (90 : 10, 80 : 20, and 70 : 30) indi-
cates the molar ratio between the divinylbenzene and
vinylbenzyl chloride in the co-polymer synthesised. In a typical
synthesis, 3.125 g of DVB and 0.9157 g of VBC were added to the
solution containing 40 ml THF, 0.1 g of AIBN radical initiator,
and 4 g of water. The above solution as stirred at room
temperature for 3 h, then transferred to autoclave and hydro-
thermally treated at 100 �C for 48 h to get mesoporous polymer
MP (80 : 20), where 80 : 20 is the molar ratio of PDVB to VBC.
Similarly, mesoporous polymers MP (70 : 30) and MP (90 : 10)
were synthesized by varying mole ratios of DVB to VBC.

In this synthetic approach, the solvent used in the synthesis
itself acts as a porogen and creates mesoporosity in the polymer
without the aid of external templates.84 This unique feature of
solvothermal polymerization is more desirable as it eliminates
the use of templates and subsequent template removing
process.

4.1.2. Synthesis of trimethylamine functionalized meso-
porous polymer. The obtained mesoporous polymer (MP) was
degassed at 100 �C for 3 h to remove the trapped solvents. The
quaternization of MP was carried out using trimethylamine. In
a typical synthesis, 3.0 g of degassed MP was dispersed in
a mixture of 8 ml of trimethylamine and 40 ml of acetonitrile.
The solution was stirred at 60 �C for 24 h and the resulting
product was ltered, washed thoroughly with an excess of
distilled water and acetonitrile. The obtainedmaterial was dried
under vacuum at 60 �C for 8 h. The chloride ions of trimethyl-
amine functionalized mesoporous polymer were exchanged
This journal is © The Royal Society of Chemistry 2020
with 100 ml of 0.2 M sodium nitrate to get nitrate form of tri-
methylamine functionalized mesoporous polymer.

4.1.3. Preparation of tetrabutylammonium salt of lacunary
polyoxotungstate [TBA4H3]

7+[PW11O39]
7�. Quaternary ammo-

nium salt of polyoxotungstate (TBAPW11) was synthesized by
using sodium tungstate as a precursor and tetrabutylammo-
nium (TBA) bromide as quaternizing agent (ESI Scheme S1†). In
a typical synthesis, 9.89 g of sodium tungstate dihydrate was
taken in a 250 ml RB ask tted with a reux condenser and
a stirrer. Then 26 ml of 30% H2O2 was carefully added to it
dropwise at 60 �C. An exothermic reaction takes place and it was
stirred until a colorless solution was obtained. The solution was
cooled to room temperature, then 2.1 ml 40% H3PO4 was added
and stirred. The pH of the solution was found to be 7. Then
4.836 g of tetrabutylammonium bromide was added to the
above mixture along with 66 ml of distilled water. It was stirred
for another 15 minutes to get a white-colored tetrabuty-
lammonium salt of lacunary polyoxotungstate complex (PW11).
The obtained product was ltered and washed with an excess of
distilled water (1.5 l) and dried at 60 �C for 2 h. The obtained
polyoxotungstate complex is designated as PW11.

For comparison, we have synthesized tetranuclear perox-
otungstate complex (PW4) following the previously reported
procedure (ESI Section 1†).26

4.1.4. Synthesis of polyoxotungstate supported meso-
porous polymer (PW11/MP). The polyoxotungstate anion
(PW11O39

7�) is supported on mesoporous polymer by the elec-
trostatic interaction. In a typical procedure, 50 ml acetone
containing 1.0 g of PW11 complex was added to 2.5 ml of 30wt%
H2O2 and 2 g of amine-functionalized DVB/VBC copolymer in its
NO3� form (ion-exchanged with 0.2 M NaNO3). The resulting
mixture was stirred for 16 h at room temperature for exchanging
NO3� with PW11complex to get the PW11/MP catalyst (ESI
Scheme S2†).

For comparison, KIT-6 was synthesized according to the re-
ported procedure.85 Prior to the functionalization of KIT-6 with
trimethylamine, it was silylated using chloropropyl trimethoxy
silane following the reported procedure.86 The amine-
functionalized KIT-6 and Amberlite IRA 900 were supported
with PW11complex using the same ion-exchange procedure as
the PW11/MP catalyst.
4.2. Catalysts characterization

The FTIR spectra of all the samples were recorded in the range
of 4000–500 cm�1 using alpha T-Bruker spectrometer in trans-
missionmode by KBr pellet technique to examine the formation
of polyoxotungstate complex and also to conrm the successful
anchoring of polyoxotungstate complex on to the mesoporous
polymer.31P MAS NMR was recorded in ECX-JEOL 400(S),
AVIII400(L) NMR spectrometer. The thermal stability of the
polymeric catalyst is determined by thermogravimetric analysis
(TGA). TGA analysis was performed using a Discovery TGA by TA
Instruments-Waters Lab at a ramp rate of 10 �C min�1 under
a ow of nitrogen. The nitrogen sorption measurements were
performed using the BELSORP-mini instrument at 77 K
temperature. Before the analysis, the samples were degassed at
RSC Adv., 2020, 10, 35988–35997 | 35995
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100 �C for 2 h under a high vacuum. The amount of tungsten
loaded on catalysts is estimated by Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) by PerkinElmer-
Optima 7000V instrument. Contact angle measurement was
done by making a pellet of PW11/MP catalysts and placing
a drop of 30%H2O2 on the pellet. The contact angle of H2O2 was
captured using a digital camera and the image was analyzed.
4.3. Catalytic activity studies

The catalytic reactions were performed using 20 mmol of benzyl
alcohol, the requisite amount of 30% hydrogen peroxide and
catalyst (wt% w.r.t to benzyl alcohol) in a 25 ml RB ask
equipped with a reux condenser. The reaction mixture was
magnetically stirred using a magnetic stirrer at the desired
temperature. Aer the completion of the reaction, methanol
was added to the reaction mixture to make it homogenous. The
catalyst was separated by centrifugation and products were
analyzed by gas chromatography (Shimadzu-2014 equipped
with FID detector) using DB-wax column.
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Sánchez, Dalton Trans., 2018, 47, 4639–4645.

6 A. Savara, I. Rossetti, C. E. Chan-Thaw, L. Prati and A. Villa,
ChemCatChem, 2016, 8, 2482–2491.

7 A. Patel and S. Pathan, Ind. Eng. Chem. Res., 2011, 51, 732–
740.

8 A. Sakthivel, S. E. Dapurkar and P. Selvam, Catal. Lett., 2001,
77, 155–158.

9 A. Sakthivel, S. K. Badamali and P. Selvam, Catal. Lett., 2002,
80, 73–76.
35996 | RSC Adv., 2020, 10, 35988–35997
10 P. Sudarsanam, R. Zhong, S. Van den Bosch, S. M. Coman,
V. I. Parvulescu and B. F. Sels, Chem. Soc. Rev., 2018, 47,
8349–8402.

11 P. Sudarsanam, E. Peeters, E. V. Makshina, V. I. Parvulescu
and B. F. Sels, Chem. Soc. Rev., 2019, 48, 2366–2421.

12 V. R. Bakuru, S. R. Churipard, S. P. Maradur and
S. B. Kalidindi, Dalton Trans., 2019, 48, 843–847.
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