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Abstract

The liquid-phase benzoylation of veratrole with benzoic anhydride (BA) to 3,4-dimethoxy benzophenone was investigated using zircon
supported silicotungstic acid (STA) as a catalyst. Catalysts with different STA loadings (5-25 wt%) and calcination temperatures°@p0—-850
were prepared by suspending zirconium oxyhydroxide in methanol solution of STA followed by drying and calcination. These catalysts we
characterized by XRD, Raman spectroscopy, DTA, XPSgNIRD, FTIR pyridine adsorption, and DRUV-vis spectroscopy. XRD results indi-
cated that the presence of STA retarded the crystallization of zirconia and stabilizednZi€ragonal phase. Characterization of the catalyst
with optimum STA loading (15%) by Raman spectroscopy showed the presence of zirconia-anchored mono-oxotungstate as the major tung
species up to 7580C. The catalysts showed both Bronsted and Lewis acidity, and 15% STA on zirconia calcined@t(50SZ-750) had the
highest Brénsted acidity and total acidity. The catalytic activity was found to depend on STA coverage, and the highest activity corresponc
to the monolayer of silicotungstate on zirconia. Further, a comparison of the catalytic activity of 15 SZ-750 with zirconia-supported phosph
tungstic acid (15%, calcined at 738G, 15 PZ-750) and silica-supported silicotungstic acid (15%, calcined &t@G005 SS-300) showed that
silicotungstic acid and phosphotungstic acid supported on zirconia acted as efficient and stable solid acid catalysts, whereas silicotungstic
supported on silica was leached into the reaction medium and catalyzed the reaction homogeneously. Under the reaction condifiéns of 12
and a veratrole-to-BA molar ratio of 5, the most active catalyst, 15 SZ-750, showed 99% BA conversion, and the deactivated catalyst could
regenerated by calcination without appreciable loss in activity.
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1. Introduction of metal salt waste formed, as well as the production of HCI,
have aroused much research interest in the development of new,
Friedel-Crafts acylation reactions are of great importanceleaner technologies that generate minimal waste. A major step
in the industrial manufacture of aryl ketones and also are usetward waste minimization would be to develop a truly cat-
extensively in the production of pharmaceuticals, insecticidesalytic process, using an acid anhydride, where the catalyst does
dyes, and other commercial products. Conventionally, theseot form a strong complex with product and is recyclable. At
reactions are carried out in presence of aluminium chloridepresent, considerable efforts are being made to find efficient,
using an acylating agent, such as acid chloride, in a volatileustainable, recyclable, and eco-friendly solid acid catalysts
organic solvenfl]. Because of the complexation of the prod- to serve as substitutes for current homogeneous Bronsted and
uct ketone with aluminum chloride, stoichiometric excess of the_ewis acids. Various catalysts, including zeolif@s-5], het-
catalyst must be used, which is then destroyed in the hydrokropoly acids (HPAS)6—9], and sulfated metal oxid¢$0—12]
ysis step required for product isolation. The large quantitiehave been tested for this reaction.
HPAs are a unique class of materials active in both redox and
mpon ding author. acid catalysis{l3_—15} These are polyoxometallates composed_
E-mail addressessb. halligudi@ncl.res.irhalligudi@cata.ncl.res.in of heteropoly anions with metal-oxygen octahedra as the basic
(S.B. Halligudi). structural unit. The Keggin-type HPAs are the most importantin
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catalysis, and 12-tungstophosphoric acid (phosphotungstic ackl2. Catalyst preparation
[PTA]) and 12-tungstosilicic acid (silicotungstic acid [STA])
are the usual catalysts of choice because of their high acidic The catalysts were prepared by suspending a known amount
strength, relatively high thermal stability, and lower oxidation of dried zirconium oxyhydroxide powder in a methanol solution
potential compared with molybdenum HPAs. These are strongf STA. Zirconium oxyhydroxide was prepared by hydrolysis
Bronsted acid catalysts, with a strength of acidity greater thaef 0.5 M of zirconyl chloride solution by the dropwise addition
that of conventional solid acids such as zeolites and mixed oxef aqueous N (10 M) to a final pH of 10. The precipitate was
ides[14]. filtered and washed with ammoniac water (gH8) until it was
HPAs can be used either directly as a bulk material or infree from chloride ions as determined by the silver nitrate test.
supported form. The supported form is preferable because dfhe zirconium oxyhydroxide thus obtained was dried atX20
its higher surface area compared with the bulk material (5for 12 h, powdered well, and dried for another 12 h. Each time,
8 m?g~1) and better accessibility of reactants to the active sites# Ml of methanol per g of solid support was used, and the mix-
Acidic or neutral solids, which interact weakly with HPAs such ture was stirred in a rotary evaporator for 8-10 h. After stirring,
as silica, active carbon, and acidic ion-exchange resin, ha/&€ excess of methanol was removed at ca.G@inder vac-
been reported to be suitable HPA supp§t&. A serious prob- Uum. The resulting solid m_aterials were drigd at 1eofor
lem associated with these types of materials is their susceptibi4 N @nd ground well. A series of catalysts with different STA
ity to deactivation during organic reactions due to the formatio©adings (5-25%) were prepared by varying the STA concen-
of carbonaceous deposit (coke) on the catalyst surface. THEAtON in methanol. The dried samples were then calcined in
thermal stability of HPAs is not sufficiently high to carry out - All samples were calcined in shallow quartz boats placed
conventional regeneration by burning coke at 500-&50as is inside a 3-cm-diameter quartz tqbelln a tubg furnace. The sam
routinely used for zeolites and aluminosilicafeg]. HPAs are ~ PleS were heated atarate ofGmin " to the final temperature
highly soluble in polar solvents and hence can leach from thtfilnd Oheld_fc1r14 h under static conditions, then C_OOIGd at a rate
catalyst surface to the reaction medium and catalyze the reaef_ 5°Cmin™" to room temperature. For comparison, catalysts
tion homogeneously. Thus the preparation of HPA in supporte&vIth 15% PTA on zirconia (calcined at 73Q; 15 PZ-750) and

form, which is active and stable at high temperature and in th&IS% STA on sgca}rﬁel (calcmtedll.at 30?; 15 SS_3OO)dV\éerfh
presence of polar reactants, is essential to fully realize the p Iso prepared?8]. The support silica gel was prepared by the

tential of these materials as catalysts. ydrolysis of TEOS in presence of Hl\gl,(mllqwed by drying at
. . . 20°C for 12 h, powdering, and further drying for another 12 h.
In recent years, zirconia has attracted much attention as bo

. . e catalysts with STA on ZrPare represented hySZ-T,
a catalyst and a catalyst support because of its high thermalherex represents wi%, S represents STA, Z represents zir-
stability and the amphoteric character of its surface hydroxy\(’:\lonia andr” denotes calc’ination temperatuf éq
groups[18,19] Zirconia modified with anions like sulfate and ' '
tungstate act as strong solid acid cataly2621] In attempts 2.3. Characterization
to find suitable supports for HPAs, zirconia was found to be

prom|smg[22—241_ Recently, we have shown that zirconia can The specific surface areas of the catalysts were measured by
be used as an efficient support for HARS-27] _ . Ny physisorption at liquid nitrogen temperature using a Quan-
The present study deals with the preparation of zirconiag, oy ome Nova-1200 surface area analyzer and standard multi-
supported silicotungstic acid and its characterlzatllorj by XRDpoint BET analysis methods. Samples were degassed in flowing
Raman spectroscopy, DTA, XPS, NAPD, FTIR pyridine ad- ., for 2 h at 300°C before N physisorption measurements.
sorption, and DRUV-vis spectroscopy. These catalysts were X-Ray diffraction (XRD) measurements of the catalyst pow-

used in benzoylation of veratrole (1,2-dimethoxy benzene) withyo, \were recorded using a Rigaku Geigerflex diffractometer
benzoic anhydride, and the activity of the most active catalysgqyipped with Ni-filtered Cu-K radiation ¢ = 1.5418 A).
15 SZ-750 was compared with that of 15 PZ-750 and 15 SS- Raman spectra of the catalyst 15 SZ calcined at different

300. temperatures were recorded on powder samples at room tem-
perature with a Bruker IFS 66 spectrometer connected to a
2. Experimental Raman module FRA 106. The 1.06-um line of the NdYAG laser

was used for excitation, and the spectral resolution was3-cm
The31P MAS NMR spectrum of the catalyst 15 PZ-750 was
recorded using a Bruker DSX-300 spectrometer at 121.5 MHz
with high-power decoupling with a Bruker 4-mm probe head.
Zirconyl chloride (ZrOC} - 8H,0) and ammonia (25%) were The spinning rate was 10 KHz, and the delay between two
obtained from S.D. Fine Chemicals, Ltd., Mumbai. Veratrolepulses was varied between 1 and 30 s to ensure complete relax-
(98%), 12-STA (HSiW12040 - nH20), 12-PTA (HPW12040-  ation of the3!P nuclei. The chemical shifts are given relative to
nH0), tetraethyl orthosilicate (TEOS, Si(@8s)4), and meth-  external 85% HPOy.
anol were purchased from Aldrich. Benzoic anhydride (98%) Differential thermal analysis (DTA) measurements were per-
was obtained from E. Merck India, Ltd., Mumbai. All chemi- formed on a Pyris Diamond TG-DTA apparatus from room tem-
cals were used as received without further purification. perature to 1000C in flowing dry oxygen (ca. 50 ml mirt),

2.1. Materials
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usinga-Al,03 as a reference. For each experiment, 5-8 mg offable 1

the sample was used, with a heating rate ofCmin—1i. Surface area, surface density and acidity of various catalysts
X-Ray photoelectron spectroscopy (XPS) measurementsatalyst Surface area Surface density Acidity?
were performed on a VG Microtech Multilab ESCA 3000 spec- (m?g~1) (Wnm~2) (NHznm~2)
trometer with a nonmonochromatized Mg;KX-ray source. Zz-750 16 0 né
Energy resolution of the spectrometer was set at 0.8 eV with SZ-750 43 a 263
Mg-K, radiation at a pass energy of 50 eV. The binding en-10 SZ-750 50 % 21t
ergy correction was performed using the C1s peak of carbon éﬁ 52750 > A 281
SZ-750 54 10 71
284.9 eV as a reference. 25 S7-750 59 12 265
The acidity of the catalysts were measured by temperaturess sz-600 125 2 ne
programmed desorption of NH(NH3-TPD) using a Mi-  15SZ-650 108 < 193
cromeritics AutoChem-2910 instrument. It was carried out aftef> SZ-700 80 D 243
~0.5 g of the catalyst sample was dehydrated at €D0n 12 gé:ggg gg 1Z i‘fl
He (30 cn¥min~1) for 1 h. The temperature was decreased;s pz.750 53 2 329

to 100°C, and NH was adsorbed by exposing samples treated; Acidity values obtained from NETPD
in this manner to a stream containing 10% NH He for 1 h at ’
100°C. It was then flushed with He for another 1 h to remove

physisorbed Ni. -Ehe desorption of Nkiwas carried outin He  chromatograph with an HP-5 capillary column (cross-linked
flow (30 cr?min~1) by increasing the temperature to 6 504 ME silicone, 30 mx 0.53 x 1.5 um film thickness), cou-
atarate of 10C min™" and measuring Nidesorption usinga pjed with FID. The product identification was carried out using

TCD detector. o . GC-MS and by comparing with authentic standards.
The nature of the acid sites (Bronsted and Lewis) of the

catalyst samples were characterized by in situ Fourier trans; Reglts and discussion

form infrared (FTIR) spectroscopy with chemisorbed pyridine.

The pyridine adsorption studies were carried out in the diffuse\,)ll' Characterization of the catalysts
reflectance infrared Fourier transform (DRIFT) mode using a
Shimadzu SSU 8000 instrument. A calcined powder sampl
in a sample holder was placed in a specially designed cell.
The samples were then heated in situ from room temperaturg
to 400°C at a heating rate of & min~1 in a flowing stream
(40 mimin1) of pure Nb.. The samples were kept at 400
for 3 h, then cooled to 100C; then pyridine vapor (20 pl) was
introduced under pflow, and the IR spectra were recorded at
different temperatures up to 40Q. A resolution of 4 cm! was
attained after averaging over 500 scans for all of the IR spect
reported here.

b Not evaluated.

.1.1. Surface area

The pure zirconium oxyhydroxide dried at 120 showed
surface area of 332%g~1; after calcination at 750C, the
surface area decreased to 16gn'. Adding STA to the sup-

port resulted in an increased surface area, reaching a maximum
at 15% STA loading Table ). This was due to the strong in-
teraction of STA with the support, which reduces the surface
diffusion of zirconia and inhibits sintering and stabilizes the
r%tragonal phase of zirconia, leading to an increase in surface

. . . area. Above 15% STA loading, surface area did not change ap-
Diffuse reflectance UV-vis (DRUV-vis) spectra of catalyst v 0 ng, su ! geap

. . . reciably, possibly due to the formation of crystalline ¥O
samples were obtained using a Shimadzu UV-2101 PC Spegxihich likely narrowed or plugged the pores of the samples.

trometer equipped with a diffuse—reflectance attachment, with The nominal W@ loading corresponding to each STA load-

.B aSQ, as the reference. The rgflectance spegtra were convertclargg and calcination temperature was determined to calculate the
into the Kubelka—Munk function, K(R)), which is propor-

. . . tungsten (W) surface density using the measured surface area.
tional to the absorption coefficient for low valuesiER). The tungsten surface densities, expressed as the number of W

atoms per nanometer square area (W atoms?nwere ob-

2.4. Catalysttesting tained by the equation

The liquid-phase benzoylation reactions were carried out iy syrface density
a 50-ml glass batch reactor (slurry reactor) with an anhydrous . 0 3
CaCb guard tube. The reaction temperature was maintained by — {[WO3 loading (wt A;)/loo] x 6.023x 1 }
a silicon oil bath equipped with a thermostat and magnetic stir- ~ /[2318 (formula weight of WQ)
rer. The catalyst freshly activated at 5@for 2 h was weighed 2 1 8
in the reactoz and thgn veratrole was added accordigg to the x BET surface areém 9 ) x 10" ]
proportion desired. Finally benzoic anhydride was added to oband are presented ifable 1 The values show that an increase
tain the desired molar ratio of veratrole to benzoic anhydrideof the STA loading resulted in an increased W surface density.
A typical reaction mixture consisted of 3.77 g (27.2 mmol) of The specific surface area of SZ catalyst also depends on the cal-
veratrole, 1.23 g of benzoic anhydride (5.4 mmol), and 0.15 gination temperature. The W surface density increased with the
of catalyst. After 1 h, the reaction was stopped and the catalysalcination temperature because of the concominant decrease in
separated. The filtrate was analyzed using a Shimadzu 14B gt ZrQ, surface arealiable J).
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Fig. 1. X-Ray diffractograms of (A) Zr@calcined at (a) 120, (b) 250, (c) 350, (d) 450, (e) 550, (f) 650, (9)°TBAB) 15 SZ calcined at different temperatures
(a) 120, (b) 250, (c) 350, (d) 450, (e) 550, (f) 650, (g) 700, (h) 750, (i) 800, (jY&@&nd (C) catalysts with different STA loading calcined at 76Qa) 0, (b) 5,
(c) 10, (d) 15, (e) 20, (f) 25%.

3.1.2. X-Ray diffraction

The bulk structure of pure Zrfand of supported HPA cat-

alysts were determined by powder X-ray diffractidfig. 1).

The support showed amorphous behavior below °5@nd A2
crystallized to a mixture of monoclinic and tetragonal phases, =
and the intensity of monoclinic phase increased with increas;f
ing calcination temperature. The XRD patterns of the catalysts
with different STA loadings calcined at 78@ show that the
presence of STA strongly influenced the crystallization of zir-

conium oxyhydroxide into zirconia. Pure zirconia calcined at= M

750°C is mainly monoclinic, with only a small amount of the

tetragonal phase. For catalysts with low STA loading calcined m

at 750°C, the XRD pattern can be described as the sum of the —w/’_’/\_’__‘a_

monoclinic and tetragonal phases of zirconia, with this latter : : . : . : .

phase becoming dominant for catalysts with 15% STA. 700 800 900 1000 1100
As shown inFig. 1, 15% catalyst was amorphous when

calcined below 450C, and as the calcination temperature in-

creased, zirconia crystallized progressively to tetragonal phasgig 2. Raman spectra of the catalysts (a) 15 Sz-120, (b) 15 SZ-650, (c) 15 SZ-

At 750°C, the catalyst existed mainly in the tetragonal phase70o, (d) 15 Sz-750, (e) 15 PZ-750. Inset: (a) STA, (b) PTA.

and above 750C, formation of monoclinic phase of zirconia

was observed. The effectiveness of the surface species in st@mperature- 750°C for 15% loading, new diffraction lines

bilizing ZrO; in the tetragonal phase may be lost at high tem-appeared in the 23—-2%egion, characteristic of W£J30].

peratures, because they diffuse into the bulk, decompose, and

desorb, or “dewet” and agglomerate to form poorly interactingz 1.3. Raman spectroscopy a#® MAS NMR spectroscopy

clusters as a separate phfa@]. Thus the added STA stabilizes ~ Raman spectra of pure STA and the catalyst 15 SZ calcined

the tetragonal phase of zirconia, and we have noted such stat different temperatures are showrFig. 2 The strong support

bilization of tetragonal Zr@in the presence of HPAR5,26]  Raman bands below 700 crhinterfered with the diagnostic

In addition, at up to a 15% STA loading for catalysts calcinedRaman bands of tungstate species, whereas the range above

at 750°C and for 15% catalysts up to 75CQ calcination, no 700 cn1! was free from characteristic bands of Zr&nd hence

diffraction lines attributed to the polyacid or its decompositionwas relevant to the structure determination of tungsten species.

products were observed, indicating that STA is highly disperse@ure STA showed a sharp band at 998 ¢émvith a distinct

on the support. With an STA loading 15%, or a calcination shoulder at 974 cm!. The bands at 998 and 974 thcan

700 800 900 1000 1100

ntens
%i

Raman shift (cm'l)
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be attributed tov(w—o) symmetric and asymmetric stretching
modes. In addition, another broad band observed at 893 cm
can be assigned to thgew-o-w) asymmetric stretching mode
[31,32] Pure PTA showed a similar Raman spectrum as that
of pure STA. The catalyst 15 SZ-120 showed a broad band with
two components at 973 and at 946 cinThese bands appeared
to be red-shifted in comparison with pure STA, which could
be due to the partial weakening of 3D bonds, possibly due
to the interaction of STA with the suppdi23]. The position
of vw=0) band was shifted from 973 to 992 cthwith an
increase in calcination temperature from 120 to 76Qindi- ! . . . ;
cating an increase in WO bond order. The increase iny—o) 60 20 20 60  -I00 -140
wave number with calcination temperature could be due to an ppm
increase in the agglomeration of silicotungstate speld8p
This is also evidenced by the increase in tungsten surface den- (A)
sity with calcination temperatureTéble 1. At a calcination
temperature of 650C and above, Raman spectra showed a new
band centered near 825 th Scheithauer et al. assigned this
band to thev\w—o-w) stretching mod¢34]. Recently, Loridant
et al. proved that this band originates fromw_o-zr) vibra-
tion and not fromyw_o-w) vibration[33]. In addition to the
bands at 825 and 992 crh the catalyst 15 SZ-750 showed
an additional band at 910 crh due to thevw_o-w) stretch-
ing mode[4]. However, the relative intensity of this band was
very small in comparison with other bands, indicating the for-
mation of small amount of polyoxotungstate spedizk,34]
Raman spectra of the catalyst 15 SZ did not show bands at 720
and 807 cr! characteristic of WQup to a calcination temper-  Fig. 3.31p MAS NMR spectrum (A) andP CP/MAS NMR spectrum (B) of
ature of 750C. The catalyst 15 PZ-750 showed bands at 988he catalyst 15 PZ-750.
and 822 cmi® due tovw=0) andvw-o-zr) vibrations, respec-
tively.

The 3P MAS NMR and®P CP/MAS NMR spectra of
the catalyst 15 PZ-750 are shownhig. 3. The NMR spec- Exo
tra show signals above and below20 ppm. The CP/MAS
NMR spectrum indicates the attenuation of the signal above
—20 ppm, and hence this signal is attributed to the P—-OH
group associated with phosphotungstate, which is in interac-
tion with zirconia[25,26], whereas the signal below20 ppm
is attributed to phosphorous oxide resulting from the decompo-
sition of phosphotungstic aci@3]. Elemental analysis by in-
ductively coupled plasma-optical emission spectroscopy (ICP-
OES) showed the composition of the catalyst 15 PZ-750 to bd&ndo
Zr = 62.22 wt%, W= 10.13 wt%, and P 0.15 wt%, indicat-
ing that the P:W atomic ratio is1:12. This result indicates that
the phosphorous oxide formed by the decomposition of phos- . T T
photungstic acid was not lost by sublimation during calcination. 0 200 400 600 800

60 20 20 B0 100 140

ppm

m T} |

. . . Temperature ("C)
3.1.4. Differential thermal analysis (DTA)

The catalysts with different STA loadings dried at PZD  Fig. 4. DTA curves of catalysts with different STA loading dried at 120(a) 5,
were characterized by differential thermal analyBig(4). The () 10, (c) 15, (d) 20, (e) 25%.
DTA of pure STA and zirconium oxyhydroxide (not shown)
showed exothermic peaks at 548 and 262 due to the de- 595°C for the catalyst 20 SZ. The catalyst 25 SZ exhibited a
composition of silicotungstic acid to its constituent oxii@s]  broad exothermic effect in the temperature range 690=Z38
and the crystallization of zirconium oxyhydroxide to zirco- which could be due to the crystallization of WO
nia. The catalyst 5 SZ showed an exothermic peak at@59 Valigi et al. [36] showed that zirconium oxyhydroxide is
whereas the other catalysts showed an additional exothermiuicroporous & 2 nm diameter) in nature and consists of ag-
peak shifted slightly from 573C for the catalyst 10 SZ to gregates of primary particles that stick together to form large
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) . . . . . Fig. 6. NHz-TPD profile of (A) catalyst with different STA loading calcined at

Fig. 5. Change in XPS intensity rati¢W),/ I (Zr) with tungsten surface density. 750°C (a) 5, (b) 10, (c) 15, (d) 20, (e) 25% and (B) 15 SZ calcined at different
temperatures (a) 650, (b) 700, (c) 750, (d) 8@0
grains. When the microporous zirconium oxyhydroxide is in
contact with a solution of STA, the polyoxoanions can adsorb-90%, which is close to the monolayer coverage of STA on
on the external surface of the grains and diffuse into the poresirconia.
together with the solvent molecules. As the micropores fill with
the solvent, the driving force for diffusion is the concentration3.1.6. TPD of NH
gradient along the pores. Because the size of the Keggin an- The ammonia adsorption—desorption technique usually en-
ion (12 A) is on the order of the pore size of the support, theables determination of the strength of acid sites present on the
rate of diffusion is controlled by the anion size, and thus largecatalyst surface together with total acidity. The NHPD pro-
polyoxoanions should have a lower diffusion rate. As a resultfiles of the catalysts with different STA loadings and of the
the large polyanions fail to reach all of the internal surfaces ofl5 SZ catalysts calcined at different temperatures are shown in
zirconium oxyhydroxide. Fig. 6, and the amounts of N¢-Hesorbed per nfrare presented
When the samples are heated in oxidizing atmosphere, thHe Table 1 All samples showed a broad TPD profile, revealing

support undergoes dehydration, causing surface shrinkage, afitht the surface acid strength was widely distributed. It is evi-
then crystallizes, whereas the adsorbed species can decomp@@@t fromTable 1that there was an initial increase in the acidity
or can interact with the support and form anchored species. THétil 15% loading, after which it decreased with further load-

unsupported zirconia crystallizes through an exothermic effednd. For 15 SZ catalysts calcined at different temperatures, the
at around 460C, whereas zirconia interacting with STA ap- amount of desorbed ammonia increased with calcination tem-

pears at h|gher temperaturesl perature and reached a maximum at 760

3.1.7. FTIR pyridine adsorption

3.1.5. X-Ray photoelectron spectroscopy Adsorption of pyridine as a base on the surface of solid

The XPS spectra of the catalysts with different tungster,iys js one of the most frequently applied methods for the
surface densities showed an almost constantW4inding  cnaracterization of surface acidity. The use of IR spectroscopy
energy of 36 eV, which is characteristic of W(VI). The varia- 15 getect adsorbed pyridine allows one to distinguish among
tion of the7(W4f)/1(Zr3d) intensity ratio with tungsten surface itferent acid sites. The FTIR pyridine adsorption spectra of
density (Wnn1?) is used for estimating the monolayer cov- catalysts with different STA loadings calcined at P&)and
erage of STA on Zr@([37,38] The I(W4f)/1(Zr3d) intensity 15 S7 catalysts calcined at different temperatures are shown in
ratio increased linearly with surface density up to 7.4 WBM Fig. 7. The spectra showed sharp pyridine absorption bands at
(catalyst 15 SZ-750) and deviated from linearity with further1604, 1485, 1444, 1636, and 1534 ¢ Pyridine molecules
increases in surface densifyi§. 9). This suggests that the de- ponded to Lewis acid sites absorbed at 1604 and 1444'cm
position of the tungstate species is not uniform with increasingvhereas those responsible for Bronsted acid sites (pyridinium
tungsten surface density and that deviation from linearity ocion) showed absorbance at 1534 and 1636£p0]. The band
curs at near-monolayer coverage. Furthermore, the theoreticat 1485 cn! is a combined band originating from pyridine
surface coverage of STA on zirconia is calculated using the awonded to both Bronsted and Lewis acid sites.
erage surface area occupied per Keggin ion (14%[9] and The intensity of Bronsted (B) and Lewis (L) acid sites, ob-
the nominal HSiW;,04¢ loading on ZrQ (calculated from the  tained from the absorbance at 1534 and 1444 1], and
weight loss obtained in TG analysig)9] and is found to be the corresponding B. ratios calculated, are shownlkig. 8. At
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(A)

(B)

Table 2

319

Pyridine adsorption data for the catalysts 15 SZ-750 and 15 PZ-750 at different
activation temperaturés

Activation B acidity L acidity B/L ratio
temperatureC) 1(B) I(L) 1(B)/1(L)
100 019(0.15 0.14(0.17) 1.36(0.88)
200 016(0.16) 0.09(0.12) 1.78(1.33)
300 010(0.09 0.04(0.06) 2.50(1.5)
400 005(0.08) 0(0.03) né (2.67)

2 For the catalyst 15 PZ-750, B, L ang/Bvalues are indicated in parenthe-
ses.
b Not evaluated.

with both loading and calcination temperature up to a mono-
layer of STA on ZrG.

The IR absorbance intensities of Bronsted and Lewis acid
sites of the catalysts 15 SZ-750 and 15 PZ-750 and the cor-
Fig. 7. FTIR pyridine adsorption spectra of (A) catalyst with different STA re;spondlng BL ratio at dlffergnt.acuvatlon temperatures are
loading calcined at 758C () 5, (b) 10, (c) 15, (d) 20, (¢) 25% and (B) 15 Sz diven inTable 2 The results indicate that an increase of ac-
calcined at different temperatures (a) 450, (b) 550, (c) 650, (d) 700, () 750, (ffivation temperature resulted in a decrease in both Bronsted
800°C after in situ activation at 300C. and Lewis acidity but an overall increase in Bronsted charac-

ter (B/L ratio) of the catalyst. These results clearly show that
low loading, the catalyst showed mainly Lewis acidity; with anthe strength of the Brénsted acid sites was higher than that of
increase in loading Lewis acidity decreased, whereas Bronstafle Lewis acid sites. Moreover, the catalyst 15 SZ-750 showed
acidity increased and reached a maximum at 15% STA loadindhigher Bronsted acidity, whereas 15 PZ-750 showed higher
An increase in STA loading above 15% decreased the Bronstdcewis acidity under all activation temperatures.
acidity, but with Lewis acidity remaining similar to that of 15%
catalyst. The decrease in acidity above 15% could be due to tg21.8. Diffuse—reflectance UV-vis spectroscopy
formation of crystalline W@, which prevents the accessibility Diffuse—reflectance UV-vis spectra of pure STA, 15 SZ-750,
of pyridine to the active sites. As in the case of catalysts withand Z-750 are shown iRig. 9. The pure STA bands observed
different loadings, the nature of acidity also depends on calin the range of 3-5.5 eV arose from a low-energyy @ W6+
cination temperature. At low calcination temperature (48))  charge transfer. The energy of an electronic transition can be
the catalyst 15 SZ showed mainly Lewis acidity with very low characterized by the position of the energy of maximum ab-
Bronsted acidity that increases with calcination temperature uporption [42]. Because the charge-transfer bands were broad
to 750°C. Thus the Brénsted acidity of the catalyst increasedor the zirconia-supported STA catalysts, charge-transfer tran-

Absorbance (a.u.)
2 %

1700 1600 1500 1400 1700 1600 1500 1400

Wave number (cm‘l) Wave number (cm™)

" 0.20 = 3.0
0.10 (A) 25 (B)
425
0.16 2
0.08 420
42.0
- 0124
= 0.06 —a—IB) H15=° =
z —e—1(L) CR- —=—I(B) 115 &
2 = Z ——I(L) =
e = & 0.08- =
E 0.04 410~ E 110
0.02 Ho0s 0.04 - dos
0.00 4+— 0.0 0.00 0.0

LA DL DL DL | LN DL L LA |
5 10 15 20 25 400 500 600 700 800

STA loading (wt. %) Calcination temperature (°C)

Fig. 8. Change in Bronsted acidity (B), Lewis acidity (L) andLBratio of (A) catalyst with different STA loading calcined at 750 and (B) 15 SZ calcined at
different temperatures after in situ activation at 3@0
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Scheme 1.
0.06 -
15 SZ up to a calcination temperature of 480 A further in-
0.04 - crease in calcination temperature decreased the edge energy up
to 750°C. For catalysts with different STA loadings calcined at
750°C, the edge energy decreased up to 15% loading. Edge en-
ergy did not change appreciably with further increases in STA
loading. Thus the decrease in absorption edge energy with STA
0.00 loading and calcination temperature up to a monolayer of sili-
T T T T T T cotungstate on zirconia (15 SZ-750) could be explained on the
3 4 S 6 pasis of the interaction between polyanions. As the loading and
Photon energy (E) calcination temperature increases, silicotungstate undergoes ag-
glomeration, resulting in increased interaction between polyan-
Fig. 9. DRUV-vis absorption spectra of (a) pure STA, (b) 15 SZ-750, (¢) 275055 which could be considered equivalent to the formation of a
larger polyanion, resulting in decreased absorption edge energy
(A) (B) [44,45]

The increase in Bronsted acidity with loading and calcina-
tion temperature can be explained on the basis of the interaction
between polyanions and hence the formation of larger polyan-
ion. Larger polyanions can effectively delocalize the negative
charge required for the formation of Bronsted acid centers, ul-
timately resulting in increased Brénsted acidity.

The results from the various characterizations can be sum-
marized as follows. The X-ray diffractograms of the catalysts
with different STA loadings and calcination temperatures, along
with Raman spectra of the catalyst 15 SZ, showed the presence
of zirconia-anchored mono-oxotungstate as the major tungsten
species up to an STA loading of ca. 15% at 760 The re-
a5 - sults from other characteri.zati(.)n 'Fechniques, such agNPD

5 10 15 20 25 200 400 600 800 and FTIR pyrldlne adsorpt|0n, indicated that CatalySt 15S7-750
had the highest acidity. Characterization of the catalysts by XPS
showed that a monolayer of silicotungstate on zirconia was at-
Fig. 10. Change in absorption edge energies of (A) catalyst with different STAtained for catalyst 15 SZ-750.
loading calcined at 750C and (B) 15 SZ calcined at different temperatures. Consequently, we describe the evolution of the catalysts as
follows. Up until a STA loading of ca. 15% at 75Q, or for a

sitions are more accurately characterized by the energy at tHe&% catalyst up to a calcination temperature of 7G(i.e., up

absorption edge. The fundamental optical absorption edge eff2 @ monolayer), the surface of the catalyst was occupied mainly

ergies were determined using a procedure reported by Bartd}y Mono-oxotungstate. Below this monolayer coverage, acidity

et al.[43] from the intercept of F (R)hv]Y/2 plotted versugv, of the catalyst increased with STA loading and calcination tem-

whereF (R) is Kubelka—Munk function andlv is the energy of ~ Perature. When the surface coverage exceeded monolayer, the

the incident photon. formation of crystalline W@ occurred, accompanied by a de-
The absorption edge energies for the catalysts with differcrease in Bronsted acidity.

ent STA loadings calcined at 78CQ and for the catalyst 15 SZ

calcined at different temperatures are showrFig. 10 Pure  3.2. Catalytic activity

STA showed an absorption edge energy of 3.19 eV, whereas

pure Zr& showed an absorption edge energy of 5.04 eV. After The benzoylation of veratrole with benzoic anhydride over

supporting STA on zirconium oxyhydroxide (15%) followed by supported HPA catalysts led to the formation of 3,4-dimethoxy

drying at 250°C, the edge energy was increased to 3.84 eV. Théenzophenone as the benzoylated prod@chéme L This

increase in the edge energy compared with that of bulk STA wasonversion was expressed as the percentage of BA converted

due to the effect of the support, which spread silicotungstatéto the product; the BA conversions on SZ catalysts with var-

and thus decreased the interaction between the polyafidhs ious STA loadings and calcination temperatures are shown in

There was no appreciable change in edge energy for the catalysig. 11A. For catalysts with different STA loadings calcined at

F(R)

0.02

3.9

bt et
Q %
1 1

Absorption edge energy (eV)
«w
=2
1

STA loading (wt.%) Calcination temperature ("C)
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Fig. 11. Change in BA conversion with (A) STA loading and calcination tem- F19- 12. Effect of time on BA conversion over the catalysts (A) 15 SZ-750,
perature and (B) TOF versus surface density of catalysts with different STAB) 15 PZ-750, and (C) 15 SS-300, whellestands for reaction with fresh

loading calcined at 750C and 15 SZ calcined at different temperatures (con- catalyst and® reaction aftgr catalyst separation by hot fiIFration (conditions:
ditions: temperature, 80C; total weight, 5 g; veratrolBA (molar ratio)=5;  emperature, 80C; total weight, 5 g; veratrojBA (molar ratio)= 5; catalyst

catalyst weight, 0.15 g; time, 1 h). weight, 0.15 g).

750°C, BA conversion increased with loading, reaching a max ot conditions, and the hot filtrate was monitored for further re-

imum at 15% STA and decreasing thereafter. action up to 4 hig. 12. FromFig. 12 it is apparent that no
Interestingly, the BA conversion was found to dependChange in BA conversion with time for filtrates was obtained

strongly on catalyst calcination temperature. For instance, thre0m the catalysts 15 SZ-750 and 15 PZ-750; however, for the

catalyst samples with 10, 15, and 20% STA loading calcined diltrate obtained from the catalyst 15 SS-300, the conversion in-
600-850°C, were used in the reactiofig. 11A). The sample ~creased from 14% after 15 min to 48% after 4 h. The analysis

with the h|ghest STA |Oading (20%) showed maximum Con_of the filtrate by ICP-OES showed that 70% STA from the cata-

version at lower calcination temperature (P@), whereas the lyst 15 SS-300 leaches to the reaction medium during reaction.
sample with the lowest STA loading (10%) showed the maxi-This clearly indicates that STA and PTA on zirconia acted as
mum conversion at higher calcination temperature (&0)0 heterogeneous catalysts, whereas STA on silica was not stable
To establish the relation between catalytic activity, STAand leached into the reaction medium during reaction.
loading, and calcination temperature, the turnover frequency Nonetheless, it is interesting to note that the heterogeneous
(TOF, mol mo{x,l s~1) of catalysts with different STA loadings catalysts 15 SZ-750 and 15 PZ-750 showed different catalytic
(5-25%) calcined at 750C and of 15 SZ calcined at 600~ behavior. For the catalyst 15 SZ-750, conversion of BA in-
850°C were determinedrig. 11B). The catalyst 15 SZ-750 creased continuously with time and reached 76% after 480 min,
with a surface density of 7.4 W nm, corresponding to mono- Whereas for the catalyst 15 PZ-750, a clear deactivation oc-
layer coverage of STA on zirconia, gave the highest TOF ircurred, reaching a plateau between 240 and 480 min before
the reaction. This result explicitly shows that, irrespective offeaching maximum conversion. This reaction profile, particu-
STA loading and calcination temperature, catalytic activity dedarly with the catalyst 15 PZ-750, is similar to that reported
pends on STA coverage, and the highest activity corresponds fer zeolite[2—-4] and HPA[6-9] catalyzed acylation reactions,
monolayer of STA on zirconia. It is also interesting to note thatwhere the catalyst deactivation is attributed mainly to the strong
acidity measurements of the catalysts by FTIR pyridine adsorpadsorption of the acylation product on the catalyst, which
tion and NR-TPD showed that the catalyst 15 SZ-750 had theblocks the accessibility of the reactants to the active sites. The
highest total acidity as well as Bronsted acidity, clearly indi-kinetic profile of the reaction with catalysts 15 SZ-750 and 15
cating that benzoylation of veratrole by benzoic anhydride wa®Z-750 indicates that product inhibition was more prominent
catalyzed by Bronsted acid sites present in the supported catwith 15 PZ-750 Fig. 12).
lyst. In an attempt to explain the difference in the catalytic be-
The activity of catalyst 15 SZ-750 was compared with that ofhavior, the catalyst 15 PZ-750 was characterized by different
the catalysts 15 PZ-750 and 15 SS-3B@y( 12. The catalysts methods. The surface area, surface den3aple 9, XRD (not
15 SZ-750 and 15 SS-300 exhibited similar reaction profilesshown), and Raman spectrum of 15 PZ-750 were found to be
which differ from the reaction profile of 15 PZ-750. Becausesimilar to that of 15 SZ-750. The absorption edge energy of 15
HPAs are soluble in polar solvents, it is important to study thePZ-750 (3.7 eV) was found to be slightly higher than that of
heterogeneity of the catalysts in the reaction. For this, the read5 SZ-750 (3.57 eV). NgtTPD showed that 15 PZ-750 had
tion was stopped after 15 min, the catalyst was separated undarslightly higher acidity than 15 SZ-7504dble 1. However,
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100
(A) (B) ©) Table 3
i Benzoylation of veratrole with benzoic anhydride: the catalyst 15 SZ-750 ver-
sus zeolite H-#
80 Catalyst Veratrole conversion TOF
9 (mol%) (mol mol} h™1)
E H-YP 75 14
= 60 15 SZ-750 40 27
2
4 @ Conditions: veratrole, 1.38 g (10 mmol); benzoic anhydride, 2.26 g
Z (10 mmol); chlorobenzene, 50 ml; catalyst weight, 0.5 g; temperature, @30
S 40 time, 1 h.
b si/Al = 15.
04— - I The lower activity of the separated catalyst may be due to the
60 80 100 120 2 4 6 8 10 2 4 6  presence of surface-bound benzoate species formed from the
Temperature (°C) Molar ratio Cat.wt. (wt. %) byproduct benzoic acid, which is difficult to remove by wash-

ing [9,47]. However, the catalytic activity was increased to 95%

Fig. 13. Effect of reaction conditions on BA conversion. (A) Effect of temper- of the initial activity after regenera’[ion of the Cata|yst by calci-
ature (conditions: total weight, 5 g; veratrgBA (molar ratio)= 5; catalyst nation at 500C for 4 h[27]

weight, 0.15 g; time, 2 h). (B) Effect of molar ratio (conditions: temperature, . .. .
80°C; total weight, 5 g; catalyst weight, 0.15 g; time, 2 h). (C) Effect of cat- Table 3compares the Catalytlc activity of 15 SZ-750 with

alyst weight (conditions: temperature, 80; total weight, 5 g; veratrojBA those for H-Y zeolite under the reaction conditions reported
(molar ratio)= 5; time, 2 h). elsewherd5]. Catalyst TOFs were expressed as the number of
moles of veratrole converted per mole of protons in the catalyst
FTIR pyridine adsorption studies revealed that the Lewis acidper hour (molmaot!h~1). For zeolite H-Y (SjAl = 15), the
ity was higher for 15 PZ-750 than for 15 SZ-750able 2.  number of active protons was taken to be equivalent to the Al
Anderson et al[9] have reported that catalysts with higher content[6], and for the catalyst 15 SZ-750, the number of pro-
Lewis acidity are more susceptible to deactivation by productons was calculated from the nominal$iW;,04 loading on
inhibition. Thus the higher conversion and greater deactivatioZrOz (calculated from the weight loss obtained in TG analysis)
resistance of the catalyst 15 SZ-750 is due to the greater numbE!9]. The zeolite H-Y exhibited greater veratrole conversion,
of strong Bronsted acid sites. but the catalyst 15 SZ-750 was more active and its TOF was
Therefore, the catalyst with the highest activity (15 SZ-750)nearly two times greater than that of H-Y.
was used to study different reaction parameters. The influence
of temperature on BA conversion was studied in the temperad. Conclusions
ture range 60-120C for 2 h (Fig. 13A). The conversion was
31% at 60°C and it increased to 99% at 120. The influ- The liquid-phase benzoylation of veratrole with benzoic an-
ence of veratrol8BA molar ratio (3—9) on BA conversion was hydride was carried out over a series of zirconia-supported STA
studied, keeping the total weight of the reaction mixture con<atalysts. The catalytic activity was found to depend mainly
stant Fig. 13B). At a molar ratio of 3, the BA conversion was on the STA coverage, and the highest activity corresponded to
35%, and as the molar ratio increased to 9, conversion increas@lmonolayer of silicotungstate on zirconia. A comparison of
to 83%. This was probably due to the inhibiting effect of 3,4-the catalytic activity of catalyst 15 SZ-750 with that of cata-
dimethoxy benzophenone, which can be strongly adsorbed dyists 15 PZ-750 and 15 SS-300 showed that zirconia-supported
the catalyst surface. This inhibiting effect would be less sig-silicotungstic acid and phosphotungstic acid acted as efficient
nificant for mixtures richer in veratrole, because the excesand stable solid acid catalysts, whereas silica-supported silico-
veratrole acts as a solvent for the ketone produced, thus rédngstic acid leached into the reaction medium and catalyzed
ducing product inhibition, and therefore the BA conversion isthe reaction homogeneously. Under the reaction conditions of
higher at higher veratrof@A molar ratios[4,46]. A catalyst 120°C, a veratrol¢BA molar ratio of 5, and 2 h, the most
concentration of 2 wt% (of the total mass of the reactants) gavactive catalyst, 15 SZ-750, gave 99% BA conversion, and the
a BA conversion of 37%, and a catalyst concentration of 5 wt%leactivated catalyst could be regenerated by calcination with
increased the BA conversion to 84%iq. 13C), due to the in- no appreciable loss in activity.
crease in the number of active sites of the catalyst.
For supported HPA catalysts, it is important to study recy-Acknowledgments
cling of the catalyst, because the limited thermal stability of
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