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Abstract—Silica-12-tungstophosphoric acid core-shell nanoparticles were prepared by sol-gel method fol-
lowed by steaming. The catalytic activity of fresh and steamed catalysts was studied in Fries rearrangement of
phenyl acetate. The reaction parameters, such as catalyst loading and reaction temperature, were optimized.
The structural properties of the prepared catalysts were analyzed by X-ray diffraction and transmission elec-
tron microscopy techniques. The nature and strength of acid sites in the catalysts were analyzed by pyridine
adsorption followed by infrared spectroscopy and differential scanning calorimetry measurements. The XRD
and TEM analyses confirm the formation of silica-12-tungstophosphoric acid core-shell nanoparticles dur-
ing steaming process. Acidity measurement indicates that both fresh and steamed catalyst samples carry weak
acid sites and Brgnsted acid sites. In addition, the steaming of heteropoly acid contained silica enhances the
strength of Bronsted acid sites. The catalytic activity of fresh as well as steamed catalysts in liquid-phase Fries
rearrangement showed that the steam treated sample exhibits higher conversion and selectivity to the desired
product compared to the fresh catalyst sample. The higher activity of steam treated catalysts has been
explained in terms of surface acidity of the catalysts. Reusability of the steamed catalyst shows that there is no

appreciable change either in the conversion rate or product selectivity.
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The Fries rearrangement of phenyl acetate leads to
hydroxyacetophenones, which are valuable precursors
in the pharmaceutical industry [1]. Traditionally, the
Fries rearrangement is conducted with stoichiometric
amounts of Lewis acid (e.g., AICl;) or mineral acid
(e.g., H,SO, or HF) and generates large amounts of
inorganic salts as by-products. Therefore, the environ-
mental impact of these processes makes highly desir-
able the development of new technologies that employ
heterogeneous, reusable catalyst, and of reactants that
generate more environmentally friendly co-products
[2]. Consequently a variety of solid acids, particularly
zeolites, have been studied in the Fries rearrangement
both in the liquid and vapor phases [3—5]. As found
recently, Keggin-type heteropoly acids (HPAs) are
highly active solid acid catalysts for Fries rearrange-
ment in liquid phase [6—8]. These catalysts are much
more active than zeolites and can be separated and
reused. However, the conversion is still poor. Thus,
there still exists scope to develop better catalysts which
would catalyze the Fries rearrangement with excellent
conversion and selectivity at comparatively low tem-
peratures.

! The article is published in the original.
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This paper reports an efficient catalytic Fries rear-
rangement of phenyl acetate using 12-tungstophos-
phoric acid included in silica nanoparticles. The
effects of steam treatment, the amount of catalyst and
the temperature on the conversion rate were investi-
gated.

Experimental Chemicals

Tetraethoxysilane (TEOS), dodecatungstophos-
phoric acid (DTP), dodecane and phenyl acetate were
commercial samples from “Merck” and were used
without further purification.

The silica-12-tungstophosphoric acid core-shell
nanoparticles catalyst (25 wt % DTP/SiO,) was pre-
pared by sol-gel method followed by steaming. In a
typical procedure, DTP (2.5 g) was dissolved in deion-
ized water (10 ml). TEOS mixed with ethanol (26 g
TEOS and 10 g EtOH) was dropped into the above
solution under vigorous stirring. Upon addition of
TEOS and ethanol mixture, the sol was subjected
evaporation at 70°C under vacuum and during con-
centration the sol turned into a transparent viscous
gum-like liquid. After continuous heating this became
a transparent sticky solid, which finally transformed
into transparent sugar-like cubes. The transparency of
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Fig. 1. XRD patterns of 25 wt % DTP/SiO, samples before
(1) and after (2) steaming at 150°C for 6h.

the solid implies that they were composed of nanome-
ter-sized particles. The solid powder was dried in an air
oven at 120°C for 6 h. The dried solid powder was then
steamed at 150°C for 6 h.

Characterization

Powder X-ray diffraction (XRD) patterns were
recorded on a Rigaku 2000 diffractometer using Cuk,
aradiation (A = 1.5418 A) in the range 26 from 5 to 45°
at a scan rate of 2°/min with a step size of 0.04°.

Morphological observations of the silica-12-tung-
stophosphoric acid core-shell nanoparticles were car-
ried out using transmission electron microscope
(TEM) JEM-2010 at 200 kV.

Vapor phase adsorption of pyridine as probe mole-

cule [9] was adopted to find out the acidity of catalyst
samples. The nature of acid sites was characterized on
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the basis of IR spectral data. The nature and strength
of acidic sites were determined by differential scanning
calorimetric (DSC) measurements.

Catalytic Activity Measurements

The rearrangement of phenyl acetate was carried
out in liquid phase over the silica-12-tungstophospho-
ric acid core-shell nanopaticles at 150°C under nitro-
gen atmosphere in a 100 ml glass reactor equipped
with a condenser and a magnetic stirrer. In typical
experiment, the reaction mixture consisted of phenyl
acetate (50 mmol) in dodecane was taken with a total
liquid volume of 30 ml. The freshly activated catalyst
(0.5 g) was then added to the flask, which is heated at
constant temperature of 150°C in oil bath and stirred
magnetically. This operation was conducted under
nitrogen atmosphere for 2 h. The progress of the reac-
tion was monitored by gas chromatographic analysis
using SE-30 columns and flame ionization detector.
The composition of products was confirmed by gas
chromatography-mass spectroscopy method.

RESULTS AND DISCUSSION
XRD

The XRD patterns of 25 wt % DTP/SiO, sample
before and after steaming are shown in Fig. 1. It is
clear that XRD pattern of the sample is very similar to
that of pure silica except presence of a broad peak
located at 20 range of 3°—8°. This broad peak located
at very low angles can be attributed to the scattering
effects due to the presence of very fine particles, i.e. at
the nanoscale. The XRD result confirms the absence
of free DTP particles before and after steaming.

TEM

The TEM micrographs of 25 wt % DTP/SiO, sam-
ple before and after steaming are presented in Fig. 2.

Fig. 2. TEM images of 25 wt % DTP/SiO, samples before (a) and after (b) steaming at 150°C for 6 h.
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As seen in the micrographs, steaming leads to an
increase of the DTP average particle’s size: during
steaming, the DTP particles were dissolved in the
steam and then coated on the surface of the silica
nanoparticles, therefore forming SiO,—DTP core-
shell nanoparticles as final product.

Catalyst Activity

Fries rearrangement of phenyl acetate was studied
using SiO,—DTP core-shell nanoparticles. The prod-
ucts of the rearrangement were found to be 2- and 4-
hydroxyacetophenones (2ZHAP and 4HAP, respec-
tively), 4-acetoxyacetophenone (4AAP) and phenol

(PhOH):
OCOCH; OH
phenyl acetate 2HAP
OH OCOCH; OH
>
+ + +
7
COCH; COCH; phenol
4HAP 4AAP

Freese et al. [10] have suggested the mechanism of
Fries rearrangement of phenyl acetate over H-form of
Y- and ZSM-5 zeolites catalysts. It was deduced that
the para-product is formed via an ionic species (ben-
zylium ion) by an intermolecular reaction whereas the
ortho-product is formed by an intramolecular mecha-
nism.

The influence of steam treatment on the conver-
sion of phenyl acetate and the product selectivity is
presented in Table 1. The fresh 25 wt % DTP/SiO, cat-
alyst is not much active in Fries rearrangement of phe-
nyl acetate (<5% conversion). However, steam treat-
ment of 25 wt % DTP/SiO, (150°C, 6 h) tremen-
dously increased its catalytic activity (59.8%
conversion). In addition, the selectivity of HAPs has
also been found to be increased. This can be explained
by surface acidity of both catalysts. Silica contained
heteropoly acid carries weak acid sites and Bronsted
acid sites (Table 2). Steaming of heteropoly acid con-
tained silica enhanced the strength of Brensted acid
sites and increased the heat of desorption of pyridine
from 300 to 708 J/g. It is supported by the IR analysis
of the pyridine adsorbed samples, where 2 absorption
bands located at 1639 and 1644 cm~! are observed
(Fig. 3), which indicate the presence of strong Bron-
sted acid sites. The increase in activity of the catalyst
after steaming can also be explained on the basis of the
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Table 1. Conversion and product selectivity in Fries rear-
rangement of phenyl acetate over fresh and steamed 25 wt %
DTP/SiO,

Conver- Selectivity, %
Catalyst | . %

Sion, 7o | phOH | 2HAP | 4HAP | 4AAP
Fresh <5 64.0 7.9 7.1 21.0
Steamed | 59.8 51.1 21.0 12.3 15.6

Note: Catalyst weight 0.5 g, temperature 150°C, phenyl acetate
50 mmol, reactiontime 2 h.

Table 2. DSC and FT-IR data for pyridine adsorption on
catalysts

IR frequency, cm ™!
Catalyst AH,J/g
weak acid sites |Brgnsted sites
HPA before 1490 1639 300
steaming 1543
HPA after 1487 1644 708.6
steaming 1556

FT-1IR data. The broad peak observed about 3382 cm™!
corresponding to silanol groups (Fig. 4a) was
decreased after steaming at 150°C (Fig. 4b). The sharp
absorption bands at 1047 and 468 cm~! assigned to the
SiO—Si framework are well resolved after steaming.
Kunkeler et al. [11] have reported that the presence of
water during activation at 450 and 550°C has a pro-
found influence on the catalytic activity of the zeolite
Beta and leads to a drastic increase of the catalytic
activity. The combination of a high temperature and
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Fig. 3. FT-IR spectra of pyridine adsorbed on 25 wt %
DTP/SiO, samples before (/) and after (2) steaming at
150°C for 6 h.
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Fig. 4. FT-IR spectra of 25 wt % DTP/SiO, samples before (a) and after (b) steaming at 150°C for 6 h.

the presence of water results in very active Beta sam-
ples. We observed the similar influence of catalyst acti-
vation conditions at relatively lower steaming temper-
ature 150°C. It is evident from the literature that sup-
ported HPAs are more active and sol-gel PW catalysts
show only a negligible activity in the Fries reaction of
phenyl acetate [7].

The effect of catalyst amount (0.25—1.0 g) on the
conversion rate and selectivity was studied. It was
observed that with increasing in the catalyst loading,
the conversion of phenyl acetate increases, and then
becomes less significant beyond 0.5 g (Table 3). This
increase of conversion is due to proportional increase

Table 3. Effect of catalyst quantity on conversion and prod-
uct selectivity in Fries rearrangement of phenyl acetate over
steamed 25 wt % DTP/SiO,

in the number of active sites. Beyond 0.5 g, the addi-
tional active sites do not increase further the adsorp-
tion of reactants at given concentration; therefore the
conversion of phenyl acetate becomes almost steady.
Hence all further experiments were carried out using
0.5 g of catalysts.

The effect of temperature on the conversion of
phenyl acetate was studied over a temperature range of
90—180°C (Table 4). The conversion was found to
increase significantly with increasing temperature till
150°C and thereafter remains constant. In addition,
the effect of temperature is more pronounced on the
product selectivity than that of the catalyst loading

Table 4. Effect of temperature on conversion and product
selectivity in Fries rearrangement of phenyl acetate over
steamed 25 wt % DTP/SiO,

Catalyst | Conver- Selectivity, % Reaction tem- | Conver- Selectivity, %

amount, g| sion, % [ phoH | 2HAP | 4HAP | 4AAP perature, °C | sion, % | ppoy [ 2HAP | 4HAP | 4AAP
0.25 23.6 54.0 20.0 11.8 14.2 90 23.6 59.0 10.7 2.0 28.3
0.50 59.8 51.1 21.0 12.3 15.6 120 47.9 54.8 15.7 6.5 23.0
0.75 63.9 53.0 23.1 14.0 9.9 150 59.8 51.1 21.0 12.3 15.6
1.0 65.3 50.1 21.7 15.4 12.8 180 63.9 50.9 23.7 13 12.4

Note: Temperature 150°C, phenyl acetate 50 mmol, reaction Note: Catalyst weight 0.5 g, phenyl acetate 50 mmol, reaction

time 2 h. time 2 h.
KINETICS AND CATALYSIS Vol. 52 No. 6 2011
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Table 5. Reusability of the steamed 25 wt % DTP/SiO,

827

Selectivity, %

Catalyst Conversion, %
PhOH 2HAP 4HAP 4AAP
Fresh used 59.8 51.1 21.0 12.3 15.6
First reused 59.0 51.5 21.1 12.0 15.4
Second reused 59.0 51.0 20.7 12.3 16.0
Note: Catalyst weight 0.5 g, phenyl acetate 50 mmol, temperature 150°C, reaction time 2 h.
amount, as reported earlier. The formation of HAPs REFERENCES

increased with the increase of temperature.

Reusability of the Catalyst

In order to confirm catalyst reusability it was recy-
cled for three times in the same reaction under similar
reaction conditions. The catalyst was centrifuged,
washed with ethylene dichloride and subsequently
dried at 120°C for 3 h before being reused in subse-
quent batches. It is important to note that no appre-
ciable changes were observed either in the conversion
rate or product selectivity (Table 5).

Thus, the present study demonstrated that SiO,—
DTP core-shell nanoparticles are active and environ-
mentally friendly catalyst for the Fries rearrangement
of phenyl acetate. The fresh nanoparticles are less
active (< 5% conversion), however, steam treatment of
SiO,—DTP core-shell nanoparticles (150°C, 6 h) tre-
mendously enhanced its catalytic activity (to 59.8%
conversion) in Fries rearrangement of phenyl acetate.
The higher activity of steamed catalyst is due to
enhanced strength of Brgnsted acid sites. The catalyst
is reusable.
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