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Preparation,  leaching  and  solid  acidity  measurements  of  H3PW12O40, H3PMo12O40 and  H4SiW12O40 sup-
ported  on  silica-encapsulated  �-Fe2O3 nanoparticles  were  performed.  The  impregnating  solvent  and
calcination  temperature  were  optimized  using  various  techniques.  Catalytic  activity  of samples  was
examined  by  carrying  out  oxidative  esterification  of  benzaldehyde  with  methanol  under  the  same  condi-
eywords:
upported heteropoly acid
aghemite iron oxides
agnetically recoverable catalyst
xidative esterification

tions.  The  acidity  of  the  catalysts  that  was  determined  by NH3-temperature-programmed  desorption
technique  and  chemisorption  of pyridine.  The  best  catalyst  was  characterized  by Fourier  transform
infrared  spectroscopy,  X-ray  diffraction,  scanning  electron  microscopy  and  laser  particle  size  analyzer.
Finally,  a  mild,  simple  and  clean  procedure  was  presented  for the  one-pot  oxidative  esterification  of
arylaldehydes  with  methanol  using  magnetically  recoverable  nanocatalyst  and  hydrogen  peroxide  as  a
green oxidant.
. Introduction

The development of new strategies for the recycling of catalysts
s a task of great economic and environmental importance in chemi-
al and pharmaceutical industries. Immobilization of homogeneous
atalysts on various insoluble supports (especially porous materials
ith high surface areas) can lead to simplify catalyst recycling via
ltration or centrifugation. However, a substantial decrease in the
ctivity of the immobilized catalyst is frequently observed due to
he loss of the catalyst in the separation processes and/or diffusion
actors [1]. At present, nanoparticles (NPs) are attractive candidates
s solid supports for the immobilization of well-defined homoge-
eous catalysts [2]. Because of the nanometer dimensions of NPs,
uch catalysts have better reaction kinetics as compared to the
raditional heterogeneous catalysts on mesoporous solid supports.
dditionally, due to their large surface area, which can carry a high
ayload of catalytically active species, these supported catalysts
xhibit very high activity under mild conditions.

In NPs-based heterogeneous catalysis, the use of silica coated
agnetic NPs can be of additional values: the magnetic nature
f these particles allows for facile recovery and recycling of cat-
lysts. Thus far, various catalytic species, including organometallic
3–5] and organic catalysts [6,7] and biocatalysts [8–10], were

∗ Corresponding author. Tel.: +98 831 427 4559; fax: +98 831 427 4559.
E-mail addresses: ezzat rafiee@yahoo.com, e.rafiei@razi.ac.ir (E. Rafiee).

381-1169/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.molcata.2013.02.024
© 2013 Elsevier B.V. All rights reserved.

immobilized on the modified surface of magnetic NPs. Following
this line of research, we  have previously reported interesting results
in the immobilization of heteropoly acids (HPAs) with Keggin anion
structure [11]. In our work, the primary motivation was to create
the novel magnetically recoverable nanocatalyst by immobilization
of Keggin-structured H3PW12O40 (PW) on silica-coated magnetic
NPs. This synthesized catalyst possesses both magnetic separation
and strong acidic sites. Moreover, the nano scale support materials
have the high surface area. Consequently, NPs could have higher
catalyst loading capacity and higher dispersion than many conven-
tional support matrices, leading to an improved catalytic activity
and high leaching stability of HPA species even in polar reaction
media.

However, the effects of various processing parameters, includ-
ing the concentration of impregnating solutions, the solvent used,
calcination temperature and the type of HPA have remained a
challenge. Literature survey showed that the above-mentioned
parameters are major factors contributing to the catalytic activ-
ity of HPA immobilized on conventional solid supports [12–14].
Nevertheless, there has been scant investigation of HPA  catalyst
supported on magnetic NPs [15–20] and to the best of our knowl-
edge, the detailed studies of the effective parameters on catalyst
preparation have not been well developed.
Keeping in mind these statements, herein, we propose a simple
method for the synthesis of magnetically recoverable HPA-based
catalyst that relies on our pervious paper, but with an examination
and subsequently careful choice of processing parameters.

dx.doi.org/10.1016/j.molcata.2013.02.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ezzat_rafiee@yahoo.com
mailto:e.rafiei@razi.ac.ir
dx.doi.org/10.1016/j.molcata.2013.02.024
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The synthesis of silica coated magnetic NPs, covering a wide
ange of compositions and tunable sizes, has made substantial
rogress, especially over the past decade [21,22]. Most of these
esearches focused on the generation of uniform particles, often of
istinct size, shape, and structure, with little consideration of the
xpensive precursors used to prepare them or the cost of processes
o produce them. On the other hand, for the large-scale applica-
ion in industry, an important consideration will be to prepare NPs
conomically using relatively low-grade reagents under aerobic
onditions. So, a simple ferric oxide, �-Fe2O3, was chosen as the
agnetic material for its low price, air stability and non-toxicity.

t was prepared simply through chemical coprecipitation [23], and
ubsequently was coated with silica shell by the ordinary Stöber
rocess [24] without expensive systems. After the surface coating
y silica, magnetic solid (designed as Fe@Si) was  used as support
or immobilization of HPA. Preparation conditions including the
mpregnating solvent used, calcination temperature and the type
f HPA have been optimized. Ultimately, the efficiencies of obtained
atalysts were evaluated in oxidative esterification of benzalde-
yde with methanol as the test reaction. The ever-increasing
oncern for the catalytic oxidative esterification of aldehydes as
n interesting and potentially valuable alternative transformation
25–29] and the wide application of aromatic esters in pharmaceut-
cals, agrochemicals, and food additives [30–32] encouraged us to
valuate the scope and generality of the catalytic system by using
arious substituted benzaldehyde. To the best of our knowledge,
he application of magnetically recoverable HPA-based catalyst in
he oxidative esterification of arylaldehydes has not yet been stud-
ed.

. Experimental

.1. Catalyst preparation

FeCl2·4H2O (99%) and FeCl3·6H2O (99%), concentrated ammo-
ium hydroxide (25%), tetraethyl orthosilicate (TEOS, 98%), PW
>99%), H4SiW12O40 (SiW, >99%), H3PMo12O40 (PMo, >99%) and
ther reagents and solvents used in this work were obtained from
erck, Aldrich or Fluka and used without further purification.
Magnetic �-Fe2O3 NPs were prepared through the chemical

o-precipitation method [23]. FeCl2·4H2O (2.0 g) and FeCl3·6H2O
5.4 g) were dissolved in water (20 mL)  separately. These solutions
ere being mixed together under vigorous stirring (1200 rpm). A

oncentrated NH4OH solution (25% w/w) was then added to the
tirring mixture at room temperature to maintain the pH between
1 and 12. The resulting black dispersion was continuously stirred
1200 rpm, 1 h) at room temperature and then heated to reflux for

 h to yield a brown dispersion. The �-Fe2O3 NPs were then purified
y a four times repeated centrifugation (3000–6000 rpm, 20 min),
ecantation and redispersion cycle until a stable brown magnetic
ispersion was obtained.

Coating of a layer of silica on the surface of the �-Fe2O3 NPs
as achieved by mixing a dispersion of the purified NPs (8.5%
/w, 20 mL)  obtained previously with ethanol (80 mL)  for 1 h at

0 ◦C. A concentrated ammonia solution (15 mL)  was  added and the
esulting mixture stirred at 40 ◦C (800 rpm, 30 min). Subsequently,
EOS (1.0 mL)  was charged to the reaction mixture and the mixture
ontinuously stirred at 40 ◦C (800 rpm, 24 h). The Fe@Si NPs were
ollected using a permanent magnet, followed by washing three
imes with ethanol, diethyl ether and drying in a vacuum for 24 h

33].

In order to study the effect of preparation conditions on leaching
tability, acidity and activity of supported HPA catalysts, a series
f samples were prepared using different impregnating solvents
talysis A: Chemical 373 (2013) 30– 37 31

(water, MeOH and MeCN), calcination temperatures (100, 150, 200,
250 and 300 ◦C) and HPA types (PW, SiW and PMo).

All supported HPA catalysts were generally prepared by impreg-
nating 1.0 g of Fe@Si with an aqueous or organic solution of HPA
(1.2 g in 50 mL of solvent) with stirring at about 60 ◦C for 24–72 h.
The catalyst was  dried using a rotary evaporator. Further calcina-
tion of the catalyst was carried out at corresponding temperature
in air for 2 h.

2.2. Catalyst characterization

The samples were characterized with a scanning electron
microscope (SEM) (Philips XL 30 and S-4160) with gold coating.
Transmission electron microscopy (TEM) image was obtained using
a TEM microscope (Philips CM 120 KV, The Netherlands). The size
distribution of the samples was  obtained using a laser particle
size analyzer (HPPS 5001, Malvern, UK). X-ray diffraction (XRD)
measurements were performed using a Bruker axs Company, D8
ADVANCE diffractometer (Germany). Fourier transform infrared
(FTIR) spectra were recorded with KBr pellets using a FT-IR spec-
trometer ALPHA. UV–vis spectra were obtained with an Agilent
(8453) UV-vis diode-array spectrometer using quartz cells of 1 cm
optical path. The tungsten (W)  content in the catalyst was mea-
sured by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) on a Spectro Ciros CCD spectrometer. NH3-temperature
programmed desorption (NH3-TPD) measurements were carried
out with 200 mg  samples on a Micromeritics 2900 TPD/TPR appa-
ratus with a thermal conductivity detector (TCD).

The equilibrium adsorption of the support with different PW
solutions was  performed by contacting 1.0 g of support with 50 mL
of solution, at 60 ◦C, under constant stirring during 72 h. At regular
intervals, the samples of this mixture were taken for their UV–vis
analyses.

To check the leaching stability of the catalysts, 0.02 g of each
catalyst was  stirred in 5 mL  methanol for 1 h. UV–vis spectra of the
diluted solutions were recorded after removal of solid. The con-
tent of HPA in solution was determined with the aid of calibration
curves.

The surface acidity of the catalysts was  determined by
chemisorption of pyridine [34]. 1.0 g of solid was  suspended in
hexane (100 mL). The suspension was titrated with a 0.1 M solu-
tion of pyridine in hexane. Equilibrium concentration of pyridine
in hexane solution between each addition was  measured by UV–vis
spectroscopy based on the fact that pyridine molecule has an
absorbance at �max = 251 nm.  For each measurement, 1 mL  of solu-
tion was separated (1 mL  of hexane was added into suspension in
order to maintain a constant volume). Then the absorption value
of this separated solution was  measured, and the equilibrium con-
centration of pyridine can be calculated using calibration curves,
considering the diluted factor. Since the amount of pyridine added
was known, the amount of base adsorbed by the solid was calcu-
lated by difference.

Time dependent UV adsorption measurements were performed.
It was observed that the absorbance was constant for standing
times above 15 min. Therefore, the experiments were performed in
the time scale of 15 min  between each addition of pyridine. All the
measurements were repeated at least three times and the reported
values are average of the individual runs.

2.3. Catalytic experiments

The oxidative esterification was  carried out as follows: catalyst

(25 mg), aldehyde (1 mmol) and alcohol (4 mL)  were magnetically
stirred in the reaction flask. H2O2 (6 mmol) was progressively
added to the reaction mixture using a syringe. The completion of
reaction was monitored by thin layer chromatography (TLC). At
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Table 1
Effect of impregnation conditions on chemical composition of PW/Fe@Si catalyst.

Entry Solvent PW content (wt.%)a

Washed samples Dried samples

1 MeOH 0 32
2  Water 0 27

drying was studied by UV–vis and FTIR spectroscopy. The UV–vis
spectra of PW in impregnating solutions after 72 h are shown in
Fig. 2. An intense peak centered at � = 265 nm is the characteristic
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Fig. 1. Time profiles for adsorption of PW on Fe@Si in different solvent.

he end of the reaction, the catalyst was separated from the prod-
ct solution using an external magnet, followed by decantation of
eaction mixture. The solvent was evaporated to generate the crude
roduct. The crude products were purified by column chromatog-
aphy on silica gel using hexane/ethyl acetate 4:1 as eluent.

The remaining catalyst was washed with diethyl ether to
emove the residual product, dried under vacuum and reused in

 subsequent reaction. More than 95% of the catalyst could usually
e recovered from each run.

. Results and discussion

.1. Immobilization characteristics

The presence of the Keggin anion on support surface is very
ependent upon the preparation conditions. Impregnation of PW
n support surface was examined by using different solvents
Fig. 1). The quantity of adsorbed PW is solvent dependent and
ecreases in following order (after 72 h): MeOH > water > MeCN.
he adsorption profile of MeCN shows regular trends in compar-
son with MeOH and water. It seems that 24 h were enough to
ttain equilibrium adsorption of Fe@Si NPs with PW solutions. The
dsorption of PW on support surface is affected by various factors
ncluding solvent polarity, PW-solvent, solvent-support, and PW-
upport interactions. Methanol and water molecules are not only
dsorbed on the external surface of the support but also interact
ith PW anions thus showing irregular trends.

The quantity of adsorbed PW depends on diffusion of PW
olecules from the solvent to the support surface. This factor is

ot considerable effect in the case of conventional solid supports
13], but it is important in magnetic �-Fe2O3 NPs because of their
anometer dimensions and subsequently large surface area to vol-
me  ratio. The highest quantity of adsorbed PW was  observed in
ethanol due to its high polarity, hydrogen bond ability and low

urface tension that can be accelerate the diffusion of PW molecules
rom the solvent to the support surface. However, in water and

eCN, the quantity of adsorbed PW was decreased. These results
re probably ascribed to the high surface tension of water [35].

n the case of MeCN relatively low polarity of this solvent and no
ydrogen bond ability compare to water and MeOH decrease the
iffusion in this solvent.
3  MeCN 11 42

a PW content in washed and dried samples was determined by ICP-AES analysis.

All catalysts were separated by centrifugation, washed with
excess solvent and their PW content was  analyzed by ICP-AES tech-
nique. The results are listed in Table 1. A complete removal of PW
from support surface was observed in the samples that prepared in
MeOH and water solutions. In water, PW might be aggregated on
the exterior surface of support due to the high surface tension of
water and the secondary structure formed by aggregation of Keggin
units within PW multilayer. From the fact that only the first layer of
PW at the interphase with silica is significantly modified by interac-
tion with the support, the non-interacting aggregated Keggin units
are washed away by solvent. In MeOH, the formation of secondary
structure involving CH3OH2

+ or clusters (CH3OH)nH+ [36] can lead
to the aggregation of PW units as multilayer that are leached from
the support surface. In MeCN, PW prefers to form a monolayer of
isolated Keggin anions to the exterior surface of support. Therefore,
PW was strongly adsorbed on the surface of Fe@Si NPs in the MeCN
solution, leading to the relatively high PW content in washed and
dried samples.

When the samples were dried using a rotary evaporator without
washing, PW was retained in the surface of Fe@Si solid (Table 1).
Thus, the impregnation-evaporation technique was selected for the
preparation of HPA/Fe@Si catalyst. Among various solvent used, the
highest PW content was observed in the samples prepared in MeCN
(Table 1, entry 3).

The nature of HPA species in impregnating solutions and after
Wavelength (nm)

Fig. 2. UV–vis absorbance spectra of PW in impregnating solutions after 72 h.
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Fig. 3. FTIR spectra of PW/Fe@Si catalyst impregnated in (a) MeOH, (b) MeCN and
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the 700–800 ◦C are probably due to dehydration rearrangements
of the Keggin unit [39]. The desorption temperature of NH3 on
the strong acid site (400–600 ◦C) decreases as the following order:
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c)  aqueous solutions.

harge transfer band of PW heteropoly anion [37]. It is observed
or MeOH and MeCN solutions. While, in the spectrum of aqueous
olution, a slight shifting of the adsorption maximum toward lower
avelengths (about 250 nm)  was observed. It may  be due to the
ydrolysis reaction of PW.

The FTIR spectra of supported samples after drying are pre-
ented in Fig. 3. The typical bands for absorption of P O
1080 cm−1), W O (983 cm−1), W O W (895 and 809 cm−1) are
learly displayed in the impregnation with MeOH. On the other
and, from water and MeCN solutions the band placed at 1080 cm−1

s masked by the Si O Si absorption band in the Fe@Si NPs.
Any leaching of the catalyst from the support would make the

atalyst unattractive for reusing. Therefore, it is necessary to inves-
igate the stability of PW on Fe@Si NPs. Leaching experiments were
erformed using dried and calcined catalyst samples. Methanol was
mployed as the solvent since it further used in catalytic tests. The
esults are shown in Fig. 4. Without calcination, significant leach-
ng of PW from Fe@Si surface in methanol was observed in all cases.
he resistance to leaching improved significantly with increasing
alcination temperature to 250 ◦C.

Based on above results, the best preparation achieved was to
mmobilize HPA on Fe@Si NPs in MeCN solution followed by dry-
ng and calcination at 250 ◦C. Further investigations were carried
ut using PW,  SiW and PMo  as the main, convenient, popular and
ommercially available HPAs.

Adsorption of pyridine on Fe@Si NPs and PW,  SiW and PMo
upported on Fe@Si NPs (designed as PW/Fe@Si, SiW/Fe@Si and
Mo/Fe@Si) from hexane was studied (Fig. 5 and Table 2). The
btained L-curves with the plateau for supported catalysts and
e@Si NPs are shown in Fig. 5. The plateau level corresponds to
urface concentration of acidic sites of samples that are listed
n Table 2. Pyridine was adsorbed on Fe@Si NPs. Such adsorp-

ion is attributed to the presence of Si OH groups on the outer
urface of the support (Table 2, entry 5). The concentration of
Fig. 4. Effect of calcination temperature on the leaching stability of PW/Fe@Si cat-
alyst impregnated in different solutions.

acid sites in supported HPAs decreases in the following order:
PW/Fe@Si > SiW/Fe@Si > PMo/Fe@Si (Table 2, entries 6–8).

Leaching stability of supported HPA samples in methanol was
studied. The relatively same values were obtained in different sol-
vent (Table 2, entries 6–8).

The catalytic activities of samples were investigated in oxidative
methylesterification of benzaldehyde using H2O2 as oxidant. With-
out any catalyst added, no ester was formed and only benzoic acid
was detected (Table 2, entries 1). Bulk HPAs as catalyst showed
lower activity in comparison with supported ones pointing out
the importance of the concentration of surface acid sites (Table 2,
entries 2–8). In most of the runs, methyl benzoate was a main prod-
uct at the end of the reaction. However, using PMo  and PMo/Fe@Si
catalyst, the reaction gave benzoic acid and methylbenzoate with
comparable yields.

The NH3-TPD profiles for Fe@Si, PW/Fe@Si, SiW/Fe@Si and
PMo/Fe@Si samples are shown in Fig. 6. All supported samples
showed three desorption peaks occurred at different tempera-
ture ranges. It may  be due to desorption of adsorbed ammonia
on weak and strong acid sites. The first and second desorption
peak at about 130–300 and 400–600 ◦C could be assigned to weak
and strong acid sites respectively [38]. The remaining peaks in
Fig. 5. Adsorption of HPA/Fe@Si catalysts reacted with pyridine in hexane.
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Table 2
Surface acidity, leaching and catalytic activity of HPA and HPA/Fe@Si catalysts.

Entry Sample H+/g of solid (mmol)a Leaching (%) Conversion (%) Yield (%)b,c

Benzoic acid Methyl benzoate

1 – – – 6 6 –
2  PW – – 36 9 27
3  SiW – – 17 4 13
4  PMo  – – 32 25 7
5  Fe@Si 4.1 – 14 14 –
6  PW/Fe@Si 94.3 6.7 75 15 60
7  SiW/Fe@Si 46.9 8.3 67 12 55
8  PMo/Fe@Si 39.7 6.2 63 52 11

a The number of acidic centers was determined by pyridine adsorption.
b Conditions: catalyst (0.1 mol%), benzaldehyde (1 mmol); H2O2 (4 mmol); methanol (3 mL); Room temperature; 17 h.
c The isolated yields were determined based on benzaldehyde.

Fig. 6. NH3-TPD profiles of (a) Fe@Si, (b) PW/Fe@Si, (c) SiW/Fe@Si and (d) PMo/Fe@Si
samples.
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Fig. 7. XRD patterns of (a) PW/Fe@Si and (b) PW/Fe@Si calcined at 250 ◦C.
Fig. 8. FTIR spectra of (a) PW/Fe@Si, (b) PW/Fe@Si calcined at 250 ◦C and (c)
PW/Fe@Si calcined at 250 ◦C after reaction with 0.1 mol of pyridine per gram of
catalyst [34].

PW/Fe@Si > SiW/Fe@Si > PMo/Fe@Si. It reveal that the PW/Fe@Si
catalyst possess strongest acid sites in comparison with SiW/Fe@Si
and PMo/Fe@Si catalysts. The desorbed amount of NH3 from these
acid sites was  calculated and summarized in Table 3. It is evident

that PW/Fe@Si catalyst has relatively higher number of acid sites
compared to SiW/Fe@Si and PMo/Fe@Si catalysts.

The TPD results are not similar to the acidity data measured by
pyridine chemisorption in liquid phase. This difference is mainly

Table 3
The acid strength distribution of the catalysts calculated by the results of NH3-TPD.

Catalyst Total acidity (mmol/g) Acidity distribution (mmol/g)

Weaka Strongb

Fe@Si 1.33 0.25 1.08
PW/Fe@Si 3.31 0.74 2.57
SiW/Fe@Si 2.09 0.62 1.47
PMo/Fe@Si 1.95 0.62 1.33

a Desorption temperature: 130–300 ◦C.
b Desorption temperature: 400–600 ◦C.
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Fig. 9. SEM images of (a) PW/Fe@Si and (b) PW/Fe@Si calcined at 250 ◦C, (c) TEM image of PW/Fe@Si calcined at 250 ◦C, (d) elemental maps of Fe, Si and W atoms of PW/Fe@Si
c
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atalyst  calcined at 250 ◦C.

ue to differences between measurements in gas- and liquid-phase.
n addition, pyridine and ammonia have different size, basicity
nd adsorption capability, and comparison is not straight. How-
ver, it can be conclude, independent of the measurement method,
W/Fe@Si showed strongest acidity and highest number of acid
ites among the others. As a result, PW/Fe@Si showed better results
n terms of strength and number of acid sites, and leaching stabil-
ty than any others and chosen as the suitable catalyst for more
nvestigations.

.2. Characterization of PW/Fe@Si catalyst

Stability of the PW anion upon calcination was investigated
y XRD and FTIR spectroscopic analysis. The XRD pattern for the
W/Fe@Si catalyst is shown in Fig. 7. Silica shows a broad band cen-
ered at 2� = 25◦. �-Fe2O3 displays typical sharp peaks at 2� = 30.4◦,
5.5◦, 55.7◦, and 62.5◦ and PW displays reflections at 2� = 9.7◦ and
6.3◦ [40,41]. The presence of the intense peaks in calcined sample

ndicates that there is no significant change in the structure of the

W and its crystalline character after calcination.

The four fingerprint peaks at approximately 1080, 983, 895 and
09 cm−1 assigned to Keggin anions of PW are clearly observed
hen the sample was calcined at 250 ◦C (Fig. 8). It should be noted
that the decreasing of infrared absorption peak at 3450 cm−1 (cor-
responding to bridging hydroxyl groups) in calcined sample, might
result in the dehydroxylation between PW anions and the silanol
groups on the surface of Fe@Si support.

Brönsted or Lewis acidity of the PW/Fe@Si catalyst was distin-
guished by studying the FTIR spectrum of the catalyst after reaction
with pyridine (Fig. 8). Pyridine molecules were adsorbed on Lewis
acid sites (1610 and 1450 cm−1) and formed the pyridinium ion
by interaction with Brönsted acid sites (1640 and 1540 cm−1) [42].
Both types of adsorbed species contribute to the band at 1490 cm−1

[42]. FTIR spectrum of the catalyst shows contribution of pyri-
dine adducts in the region 1400–1700 cm−1. The formation of
pyridinium ion was  observed by absorptions at 1488, 1542 and
1648 cm−1 (expanding region in Fig. 8). It should be mentioned that
absorption band at 1648 cm−1 is not totally conclusive although
considered as pyridinium ion because of contributions of pyri-
dinium ion and moisture, since the spectrum was taken at ambient
conditions.

The morphological features of the PW/Fe@Si catalyst were

investigated by SEM and TEM techniques. Fig. 9(a) shows the
SEM micrograph of the catalyst with different magnifications. The
particles were almost spherical, regular in shape and dispersed
uniformly. However, some particle aggregations were clearly
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Table 4

Optimization of the oxidative esterification of benzaldehyde with methanola .

CHO PW/Fe@Si

H2O2, MeOH, r.t.

COOH

+
COOMe

 
Entry Catalyst (mol%) MeOH (mL) H2O2 (mmol) Time (h) Conversion (%) Ester selectivity (%)

1 0.1 3 4 17 75 80
2  0.1 3 6 17 98 71
3  0.1 3 8 17 98 74
4  0.15 3 6 17 98 81
5  0.20 3 6 15 98 95
6  0.25 3 6 12 98 100
7  0.30 3 6 12 98 100
8  0.25 2 6 12 70 95
9  0.25 4 6 8 98 100 (96, 91, 87)b

10 0.25 5 6 8 98 91
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d
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(

of the catalyst in relatively short reaction time (Table 4, entries 2,
4–7). The yield of the ester was decreased to 70% by using 2 mL
of methanol as the solvent (Table 3, entry 8). In contrast, 98% of
methyl benzoate (with 100% selectivity) was  achieved with 4 mL  of
a The isolated yields were determined based on benzaldehyde.
b Results in parentheses are second; third and fourth runs. The conversion remai

bserved. After calcination at 250 ◦C, the relatively smooth surface
ould be easily noted and it was attributed partial collapse of the
Ps as well as sintering of the particles (Fig. 9(b)).

TEM observation indicated that PW/Fe@Si NPs have well-
efined core-shell structure (Fig. 9(c)). Wavelength dispersive
-ray (WDX) image studied that are map  of individual elements
f iron, silica and tungsten elements in cross-section were shown
n Fig. 9(d). It showed an excellent uniform distribution of PW on
e@Si NPs. According to WDX  analysis, the atomic Si/Fe and W/Fe
atios in PW/Fe@Si NPs were 0.795 and 5.86 respectively, which are
lose to the values obtained for PW/Fe@Si calcined at 250 ◦C (Si/Fe:
.722 and W/Fe: 5.78).

The size distribution of the �-Fe2O3, Fe@Si and PW/Fe@Si NPs
erived from a laser particle size analyzer, illustrated in Fig. 10.
-Fe2O3NPs had a mean diameter of 70.43 nm and a wide size
istribution with a polydispersity of 0.719. In this case, the mag-
etostatic interactions between particles can cause agglomeration.
e@Si NPs showed a mean diameter equal to 91.28 nm with poly-
ispersity of 0.352. The relatively narrow size distribution implied
hat the Fe@Si NPs were highly stable in suspension, with the sil-
ca coating. PW functionalized Fe@Si NPs yielded a hydrodynamic
iameters of 91.77 nm (polydispersity of 0.48), which corresponds
o a size increase of about 21 nm in comparison with �-Fe2O3 NPs.
.3. Catalytic activity of PW/Fe@Si catalyst

In order to examine the effects of catalyst on the direct trans-
ormation of aldehydes to corresponding esters, benzaldehyde and

able 5
W/Fe@Si catalyzed oxidative esterification of aldehydes with methanola .

CHO
PW/Fe@Si

H2O2, MeOH, 

8h, r.t.

COOH
+

COOMe

R R  

Entry Aldehyde Conversion (%)b Ester selectivity (%)b

1 H 98 100
2  4-NO2 90 100
3  3-NO2 90 94
4  3-OH 95 100
5  4-OH 98 96
6  4-CH3 98 100
7  4-OCH3 98 100
8  4-Cl 95 95
9  4-Br 90 94

10  3,4-OCH3 85 98

a Conditions: aldehyde (1 mmol); H2O2 (6 mmol); catalyst (0.25 mol%); methanol
4  mL); Room temperature; 8 h.

b Conversion and selectivity were calculated from the yield of isolated products.
nstant during four successive runs.

methanol were chosen as test substrates to react in the presence
of hydrogen peroxide as oxidant. The conversion was improved by
increasing the amount of oxidant from 4 to 6 mmol, but selectivity
remained relatively constant. Further increasing of H2O2 amount
to 8 mmol  had no effect on the selectivity (Table 4, entries 1–3). The
selectivity to ester product increased with increasing the amount
of the catalyst and only ester product was  observed using 25 mg
Fig. 10. Grain size distribution of (a) �-Fe2O3, (b) Fe@Si and (c) PW/Fe@Si NPs.



lar Ca

m
R
m
f
l
r

e
t
m
o
b

4

b
i
i
t
o
F
a
i
E
i
v
a
p
f
o
t
N
g
a
o

A

S

A

f
2

[
[
[
[

[

[

[
[

[
[
[
[
[

[
[
[

[
[
[

[
[

[

[

[
[

[
[
[
[

[
[

E. Rafiee, S. Eavani / Journal of Molecu

ethanol as the solvent in shorter reaction time (Table 4, entry 9).
eusability of PW/Fe@Si catalyst was investigated under the opti-
ized reaction conditions (Table 4, entry 9). The catalyst could be

acilely recycled through magnetic separation and no significant
oss of activity and selectivity was found even after four subsequent
uns.

With the best reaction conditions in our hand (Table 4,
ntry 9), we  decided to test the generality and efficiency of
his methodology (Table 5). In general, the corresponding aro-

atic esters were obtained in good to excellent yields regardless
f the electron-donating or electron-withdrawing group in the
enzene ring.

. Conclusions

The catalyst Fe@Si-PW was prepared using different solvents
y the impregnation-evaporation technique. The results clearly

ndicated the dependence of acidity, activity and leaching stabil-
ty of supported catalyst on different basic points, as which are
he impregnating solutions, calcination temperatures and the type
f HPA. The best preparation achieved was to impregnate PW on
e@Si NPs in MeCN solution, followed by evaporation of solvent
nd calcination at 250 ◦C. The Fe@Si-PW NPs are mostly spher-
cal in shape and have an average size of approximately 92 nm.
xperiments assessing the stability of supported HPA catalysts
ndicated their resistance to leaching by methanol as polar sol-
ent. The acidity of the samples was determined by NH3-TPD
nd chemisorption of pyridine. The strength and dispersion of the
rotons on PW/Fe@Si NPs was considerably high and active sur-
ace protons became more available for reactant. Catalytic activity
f HPA/Fe@Si and pure HPA catalysts was examined in oxida-
ive esterification of benzaldehyde with methanol. The Fe@Si-PW
Ps was found as an effective magnetically recoverable hetero-
eneous catalyst for the liquid-phase oxidative esterification of

 wide range of arylaldehydes with hydrogen peroxide as green
xidant.
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