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Ordered mesoporous zirconium oxophosphate supported
tungsten oxide solid acid catalysts: the improved

Bronsted acidity for benzylation of anisole

Zhichao Miao™", Huahua Zhao®, Huanling Song™®, Lingjun Chou™®"

Abstract

A series of WO3 supported on the ordered mesoporous zirconium oxophosphate (X
wt%WO3/M-ZrPO) solid acid catalysts with WO3 loading from 5 to 30 wt% were
successfully synthesized, and their structure properties were characterized by X-ray
diffraction (XRD), Raman spectroscopy, N,-physisorption, transmission electron
microscopy (TEM), UV-visible diffuse reflectance spectra, Fourier transform infrared
(FT-IR) spectra, H, temperature-programmed reduction (H,-TPR) and X-ray
photoelectron spectroscopy (XPS). The catalytic performance of X wt%WO3;/M-ZrPO
in liquid phase benzylation of anisole was studied and the relation between activity
and states of tungsten species was investigated detailedly. The maximum catalytic
activity was reached at a 20 wt% WO; loading, which possessed highly dispersed
WO; species and strongest Brensted acidity. Meanwhile, the well dispersed WOs;
species strongly interacted with M-ZrPO, therefore, both sintering and leaching of
WO; species were effectively restrained. Moreover, compared with the traditional
zirconium phosphate synthesized from sol-gel method (ZrPgig1), the M-ZrPO with
abundant ordered mesostructure was propitious for improving the dispersion of WO;
species and catalytic performance. In addition, the 20 wt%WOQO3/M-ZrPO showed a

markedly higher catalytic activity than H-ZSMS5, H-Beta and 20 wt%WO3/ZrPs-gel.
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Furthermore, the catalyst showed no discernible loss in activity or selectivity after

five cycles.

Keywords: mesoporous materials, solid acid catalyst, improved Bronsted acidity, FC

benzylation.
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1. Introduction

Supported tungsten oxide catalysts were a class of important heterogeneous
catalysts and widely utilized in many reactions, such as, metathesis and isomerization
of alkenes,'™ selective oxidation of hydrocarbon,s'7 selective reduction of nitric oxide
with ammonia,*"" hydrodesulfurization and hydrocracking of heavy fractions in the
petroleum chemistry.lz'15 During these applications, the tungsten oxide-based catalysts
have attracted vast attention in the field of solid acid catalysts.lé'18 Compared with
traditional homogeneous liquid acid catalysts, novel heterogeneous solid acid
catalysts should be encouraged due to the high reactivity, no corrosion, friendly to
environment and easy to recover and reuse.””” Owing to their excellent acidic
property, stability and regenerability, the tungsten oxide-based catalysts, such as
WOg/A1203,21'22 WO3/Ti02,23 WO3/Si02,24 WO3/Zr02,25'27 tungsten oxide supported

on metal sulfates and phosphates, ™

were widely employed as solid acid catalyst and
exhibited superior catalytic performance in hydrolysis of cellulose, synthesis of
biodiesel, Beckmann rearrangement of cyclohexanone oxime, isomerization of alkane
and dehydration of alcohols. In addition, different influence factors, such as the
dispersion, oxidation state, surface acidity and structure, largely influence the catalytic
performance of tungsten based solid acid catalysts in these reactions.**

Since the first mesoporous molecular sieve MCM-41 was successfully synthesized
in 1992,%*7* different kinds of mesoporous materials have been developed. Owing to

the outstanding textural properties, mesoporous materials have been widely employed

as catalysts and supports in the field of catalysis.3 536 Compared with the traditional
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supports, mesoporous materials possess larger specific surface area, bigger pore
volume and more ordered pore channels, which allow the active component highly
dispersed on the support to provide more additional active sites for the reactant
molecules resulting in improved catalytic performance.’’* Therefore, mesoporous
materials, especially non-silica mesoporous materials like metal oxides and metal
composite oxides, promise a series of potential carriers and have attracted growing
interest in the field of catalysis. In addition, mesoporous materials supporting tungsten
oxide have drawn considerable attention because of their diverse compositions that
lead to potential applications in solid acid catalysis.””** However, the reports about
tungsten oxide supported on non-silica based ordered mesoporous materials are very
few and have potential to be investigated.

In this paper, a series of WO; loaded on the ordered mesoporous zirconium
oxophosphate (M-ZrPO) with different WO; loading was prepared through ultrasonic
impregnation strategy and employed as solid acid catalyst in the Friedel-Crafts (FC)
benzylation reactions. FC benzylation is one of the fundamental organic reactions for
preparation of fine chemicals, dielectric fluids and pharmaceutical chemicals.”!
Compared with traditional homogeneous catalysts, solid acid catalysts should be
encouraged to utilize in the benzylation reactions.**** To gain more insight into the
possible relation between structure and catalytic properties, the present work
systematically characterized X wt%WO3/M-ZrPO by N,-physisorption and TEM for
the mesoporous properties of materials, XRD, Raman, UV-vis, FT-IR, H,-TPR and

XPS spectroscopy for the states of tungsten species in the materials as well as
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NH;-TPD and Pyridine-IR analyses for acidic property. In addition, the influences of
tungsten species on Brensted acidic property and catalytic activity of X
wt%WO3/M-ZrPO were discussed detailedly. Furthermore, the catalytic performance
of 20 wt%WO3/M-ZrPO was compared with conventional solid acids (H-Beta and
H-ZSMS5) and WOs loaded on the ZrPy,4 which was synthesized from sol-gel

method.

2. Experimental Section
2.1 Catalyst preparation.

(EO)106(PO)70(EO) 06 triblock copolymer (Pluronic F127, M,, = 12600,
Sigma-Aldrich), zirconyl chloride octahydrate (ZrOCl,-8H,O, >99.0%, Tianjin
Fengyue Reagent Company), trimethyl phosphate (PO(OCHj3)3, >99.0%, Sinopharm
Chemical Reagent Co. Ltd.), ammonium tungstate ((NH4)sHs[H2(WO4)s]-H-O,
>99.0%, Sinopharm Chemical Reagent Co. Ltd.), ethanol (>99.7%, Sinopharm
Chemical Reagent Co. Ltd.). All the reagents are A.R. grade and used as received
without further purification.

Ordered mesoporous zirconium oxophosphate (M-ZrPO) was synthesized via
improved one-pot evaporation-induced self-assemble (EISA) strategy as reported in
previous report.” In a typical procedure of synthesizing M-ZrPO, 1.2 g of F127
(employed as structure-directing agents (SDAs)) were dissolved in 15 mL of
anhydrous ethanol. As the SDAs were completely dissolved, 5 mmol of ZrOCl,-8H,O

and 3.75 mmol of PO(OCH3); (the molar ratio of P/Zr was 0.75) were added into the
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above solution with vigorous stirring. The final solution was covered with PE film
and stirred at least for 6 h. Finally, the transparent solution mixture was transferred to
a petri dish (d=9 cm) to undergo the slow EISA process at 60 °C for 48 h, 100 °C for
24 h in a drying oven. The obtained colorless and transparent xerogel was calcined by
slowly increasing temperature (1 °C/min ramping rate) to 550 °C and kept at the final
temperature for 5 h to remove the SDAs. The obtained template-free self-assembled
mesoporous zirconium oxophosphate was denoted as M-ZrPO.

The amorphous zirconium phosphate synthesized from sol-gel method (ZrPgo)-ge1)
was as reported by Al-Qallaf et al*® H;PO,4 and ZrOCl,-8H,0 were employed as the
source and the molar ratio of P/Zr (0.75) was kept consistent with the M-ZrPO.

The supported WO; solid acid catalysts were prepared via incipient wetness
impregnation method assisted with 3 h ultrasound treatment with ammonium
tungstate as the precursor of WOs. After impregnation, the catalyst precursors were
dried under irradiation of infrared lamp and then dried at 120 °C for 12 h. Finally, the
catalyst precursors were calcined at 500 °C for 5 h. The obtained catalysts were
denoted as X wt%WO3;/M-ZrPO and X wt% (X wt% = mwos/(Mwo3tmy.zpo)*x 100%)

stood for the WOj; loading.

2.2 Characterization.
Powder X-ray diffraction (XRD) measurements were performed using an X’Pert
Pro Multipurpose diffractometer (PANalytical, Inc.) with Cu Ka radiation (0.15406

nm) at room temperature from 0.6° to 5.0° (small angle) and 10.0° to 80.0° (wide
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angle). Measurements were conducted using a voltage of 40 kV, current setting of 20
mA for small angle XRD (SXRD) and 40 mA for wide angle XRD (WXRD), step
size of 0.02°, and count time of 4 s.

The Raman spectra were recorded on a Laboram 010 confocal Raman System
(Horiba JobinYvon, France) equipped with 632 nm He-Ne laser.

The nitrogen adsorption and desorption isotherms at -196 °C were recorded on an
Autosorb-iQ analyzer (Quantachrome Instruments U.S.). Prior to the tests, all the
samples were pretreated at 200 °C for 2 h. The specific surface areas were calculated
via the Brunauer-Emmett-Teller (BET) method in the relative pressure range of
0.05-0.3; the single-point pore volume was calculated from the adsorption isotherm at
a relative pressure of 0.990; pore size distributions were calculated using adsorption
branches of nitrogen adsorption-desorption isotherms by Barrett-Joyner-Halenda
(BJH) method. The tungsten surface densities expressed as the number of W atoms
per nanometer square area (W atoms-nm~) and were calculated using the equation:
Surface density of W = {{WOs loading (wt%)/100]X 6.023 X 10*}/{[231.8 (formula
weight of WO3) X Sggr (m*g ™) X 107}

Transmission electron microscopy (TEM) images and energy-dispersive X-ray
spectroscopy (EDX) measurements were performed on the TECNAI G* F20
high-resolution transmission electron microscopy under a working voltage of 200 kV.

UV-visible diffuse reflectance spectra were recorded on a PE Lambda 650S in the
range of 190-800 nm.

Fourier transform infrared (FT-IR) spectra were recorded on KBr pellets by a
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Nexus 870 infrared spectrometer with the wave number from 4000 to 400 cm™.

X-ray photoelectron spectroscopy (XPS) analysis of the samples was performed on
a Thermon Scientific ESCALAB250xi spectrometer. All binding energies were
calibrated to the Cy; line (284.8 eV).

H, temperature-programmed reduction (H,-TPR) measurements were performed on
an AMI-100 unit (Zeton-Altamira instrument) employing H, gas as reducing agent.
The samples (0.1 g) were loaded in a U-shaped quartz reactor. Prior to TPR
measurements, the samples were pretreated at 200 °C for 1 h in flowing He gas (50
mL-min”) to remove any moisture and other adsorbed impurities. After cooling the
reactor to room temperature, a 5% H,-He gas (50 mL-min™) mixture was introduced.
The catalyst was heated to 1100 °C at a rate of 20 °C'min” and the H, gas
consumption was measured using an AMETEK (LC-D-200 Dycor AMETEK) mass
spectrometer.

Temperature programmed desorption of ammonia (NH;-TPD) was performed on
the same instrument as reported in H-TPR. A typical experiment for the TPD
measurement was as follows: the sample (0.1 g) was pretreated at 200 °C for 1 h in the
flowing He gas to remove any moisture and absorbed impurities. After cooling to 100
°C, 10 mol% NH;-He gas (50 mL-min") was introduced for 30 min. Physically
absorbed NH; was then removed completely by desorbing in He gas at 100 °C
(observed from the mass spectrometer signal). The TPD experiment was then carried
out by raising the temperature of sample in a programmed manner (10 °C-min™) to

700 °C.
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The infrared spectra of adsorbed pyridine (Pyridine-IR) were recorded on PE
Frontier FT-IR spectrometer. The sample (~15 mg) was pressed into a pellet (~13
mm), activated at 400 °C for 1 h under vacuum, then cooled to room temperature and
pyridine was introduced and adsorbed for 30 min. The sample was raised to a desired
temperature and held for 30 min under vacuum, after which the spectra was recorded.
The blank experiments were operated under the same conditions and used as the
background to insure the accuracy of the infrared spectra of adsorbed pyridine. The
Brensted and Lewis acidity was determined by the method proposed by Emeis.*

2.3 Catalytic Reaction.

Liquid phase Friedel-Crafts (FC) benzylation of anisole with benzyl alcohol was
performed in a three-necked round bottom flask coupled with a reflux condenser in a
temperature controlled oil bath as reported by Rao et al**Ina typical run, 0.2 g of X
wt%WO3/M-ZrPO was added to a mixture of anisole (20 mL) and benzyl alcohol (2
mL) with dodecane (0.4 mL) used as an internal standard for gas chromatography
(GC) analysis. Nitrogen was introduced into the flask through one of the gas inlets.
The reaction was carried out at 170 °C under reflux condition and with vigorous
stirring for 2 h. The conversion of benzyl alcohol and selectivity of products were
monitored by a gas chromatography (GC) instrument (Agilent-7890A; equipped with
a flame ionization detector (FID) and HP-5 column (30 m X 0.32 mm x 0.25 pm)).
Gas chromatography-mass spectroscopy (GC-MS) instrument (5975¢ vl MSD with
triple-axis detector, GC Agilent-7890A) was employed to identify the reaction

products. After completion of the reaction, the catalyst was separated by
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centrifugation and activated at 400 °C for 3 h for regeneration.

3. Results and discussion

3.1 Structure characterization of support M-ZrPO material.

As our previous report, the M-ZrPO possessed ordered mesostructure.” Shortly, as
shown in Fig. 1(1), obvious diffraction peaks in SXRD pattern could be clearly found,
implying the existence of ordered mesopores. In addition, there were only two broad
peaks in WXRD pattern, showing the pore wall structure was amorphous. Moreover,
the typical H1-type hysteresis loop, narrow pore size distribution (Fig. 1(2)) and TEM
images (Fig. 2) further confirmed the existence of ordered pores in M-ZrPO.

Figure 1

Figure 2

3.2 Characterization of the as-prepared X wt%WO;3;/M-ZrPO

3.2.1 XRD and Raman analysis

The WXRD patterns of X wt%WO3/M-ZrPO solid acid catalysts are shown in Fig.
3. As shown in Fig. 3(1), the patterns exhibited similar profile to M-ZrPO, only
presenting two broad peaks in the WXRD patterns as WO; loading was under 20 wt%.
The absence of typical peaks of crystalline WO;3 implied that tungsten species existed
as highly dispersed state on the M-ZrPO surface in these samples. However, the weak
peaks at 22-25°(23.1°, 23.5°, 24.3° shown in Fig. 3(2)), 34°, 51° and 56°, which could

be indexed to monoclinic WO3 (JCPDS card no. 89-4476), began to appear on 25
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wt%WO;/M-ZrPO sample, suggesting that some of tungsten species congregated on
the surface to form crystalline WOs. Further increase WOs loading to 30 wt%, much
enhanced intensity of diffraction peaks from crystalline WO; could be observed,
illustrating that more tungsten species agglomerated and formed crystalline WO:s.
Moreover, the color of X wt%WO3/M-ZrPO changed from white to slight yellow at
high WOs3 loading (= 25 wt%), which was a qualitative indication for the formation of
crystalline WO3.49 However, the crystallite size of WO; was still difficult to be
calculated by Scherrer equation due to the peak broadening in the WXRD patterns.
This might imply that no obvious crystalline WO; particles existed in 25
wt%WO3/M-ZrPO and 30 wt%WO;/M-ZrPO.

Moreover, Raman spectra were employed to further identify the major structural
information concerning surface tungsten oxide species. As shown in Fig. 4, the bulk
WO; showed obvious bands at 725 and 815 cm'l, which were assigned to the W=0
bending and stretching modes in the crystalline WO5 species.’**° However, with WO;
loading between 5 and 20 wt%, there were no distinct bands in the spectra, implying
that no crystalline WOs3 existed in these samples. Further increasing WOj3 loading to
25 and 30 wt%, weak Raman bands could be observed at 725 and 815 cm’'. This
might be due to the agglomeration of microcrystalline WO; on the surface of the 25
wt%WO;/M-ZrPO and 30 wt%WO3;/M-ZrPO. However, these bands were quite weak,
implying the WOs3 species with low crystallinity existed in the two samples. Therefore,
Raman results further confirmed what were previously observed by WXRD.

Consequently, in the 5-20 wt%WO3/M-ZrPO samples, the tungsten species were
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highly dispersed on the support, whereas, the content surpassed threshold of
mono-dispersed state and crystalline WO3 began to appear on the surface of M-ZrPO
as WOs3 loading reached 25 and 30 wit%.>!

Figure 3

Figure 4

3.2.2 Nitrogen adsorption-desorption analysis

The nitrogen adsorption-desorption isotherms as well as pore size distributions of X
wt%WO3/M-ZrPO samples are displayed in Fig. 5. As shown in Fig. 5(1), all samples
presented typical IV type isotherm with H1 shaped hysteresis loops, proving the
successful preservation of mesostructure. Besides, all catalysts performed extremely
narrow pore size distribution around 5.6 nm. In contrast with the M-ZrPO support,
their average pore diameter did not change largely, indicating that the loaded WO; did
not cause significant plugging of mesoporous pores even in 25 wt%WO3/M-ZrPO and
30 wt%WO3/M-ZrPO. Furthermore, the specific surface area, porosity and pore
diameter of X wt%WO3/M-ZrPO are summarized in Table 1. It could be observed that
the specific surface area and pore volume decreased gradually with the increasing of
WO; loading. This might be mainly due to that the loaded WOs3 species contributed
little to the specific surface area and pore volume. Generally, all X wt%WO3/M-ZrPO
still preserved obvious mesostructure with large specific surface area, big pore
volume and narrow pore size distribution even after a second high temperature

calcination process, fully demonstrating the superior thermal stability of M-ZrPO. In



RSC Advances

addition, the W atom density (atomnm™) calculated from WO; loading and specific
surface area is shown in Table 1. Combined with the WXRD and Raman analyses, it
was concluded that the WOj; species were highly dispersed on the M-ZrPO when the
W atom density was below 4.30 atom'nm™and crystalline WO; began to form at the
W atom density of 5.95 atom-nm™. However, for 20 wt%WO3/ZrP i, the specific
surface area only showed 24.9 m*g"' and the W atom density reached 20.9 atom-nm™.
The high W atom density led to the formation of crystalline WOs3 in the surface of
ZrPgo14e1 and this conclusion also could be proved by WXRD pattern (as shown in Fig.
S1). Therefore, M-ZrPO with high specific surface area was helpful for improving the
dispersion of WOj species.
Figure 5

Table 1

3.2.3 TEM analysis

The morphology analysis of X wt%WO3;/M-ZrPO catalysts was characterized by
TEM. The TEM images of all X wt%WO3;/M-ZrPO samples are shown in Fig. 6.
Compared with the M-ZrPO carrier, the obvious mesopores also could be observed,
indicating the mesostructure still existed in X wt%WO3;/M-ZrPO samples. This
agreed quite well with the characterization of N,-physisorption. Besides, it was
interesting that no apparent WOs particles were observed in 25 wt%WOs/M-ZrPO
and 30 wt%WOs3/M-ZrPO, which had weak diffraction peaks of crystalline WOs3 in

the WXRD patterns. This might be due to that the diffraction peaks were weak and
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broad and the WOj; existed as thin sheets with low crystallinity as reported by Yang et
al.’* Moreover, as shown in Fig. 6g, the exclusive Zr, P and W peaks could be clearly
observed in the EDX pattern of 20 wt%WO3/M-ZrPO, illustrating that the W species
were successfully introduced into the materials.

Figure 6

3.2.4 UV-vis spectra analysis

The UV-vis spectra were utilized to distinguish the states of tungsten species in X
wt%WO3/M-ZrPO and shown in Fig. 7.°> The support M-ZrPO showed an obvious
absorption peak at 205 nm, which was attributed to the Zr-O-P coordination. An
additional weak peak at about 300 nm could be ascribed to Zr (IV) interacting with
the phosphate counter anions in the framework. As the introduction of WO3, a new
peak at 260 nm, which could be assigned to the low-condensed oligomeric tungsten
species, could be discovered and became more observable with the increasing of WO;
loading.** For the samples with WO; loading below 20 wt%, the absence of peaks at
400 nm indicated that no crystalline WOs3 existed in these samples and the tungsten
species were highly dispersed on the surface of M-ZrPO. However, the weak band at
400 nm began to be observed for 25 wt%WO3/M-ZrPO, implying that the crystalline
WOs; appeared in the sample. Further increasing the WO; content to 30 wt%, the
intensity of band at 400 nm became stronger due to the increasing quantity of
crystalline WOs species on the surface. In short, the tungsten species existed as

low-condensed oligomeric states in the samples with WO; loading below 20 wt% and



RSC Advances

crystalline WO; appeared in the 25 wt%WO3;/M-ZrPO and 30 wt%WO3/M-ZrPO. The
same conclusion also could be gotten from the WXRD and Raman characterizations.

Figure 7

3.2.5 FT-IR spectra analysis

The FT-IR spectra of X wt%WO3;/M-ZrPO are shown in Fig. 8. All the patterns of
X wt%WOs/M-ZrPO displayed obvious peaks at 3450 and 1630 cm’, which were
assigned to the surface hydroxyl groups. The peak at 1070 cm™ was arised from the
Zr-O-P network. Besides, a group of new peaks at 780, 630 and 470 cm™, which were
characteristic of the stretching vibration mode of W-O-W,*? appeared and were very
weak in 5-20 wt%WO3;/M-ZrPO samples, in which the WO; species existed as
low-condensed oligomeric states. Further increasing WOs3 loading content to 25 and
30 wt%, these peaks became more recognizable. We deduced this might be explained
by the appearance of crystalline WO; in 25 wt%WO3/M-ZrPO and 30
wt%WO3/M-ZrPO. These conclusions agreed quite well with the WXRD, Raman and
UV-vis characterizations.

Figure 8

3.2.6 H,-TPR analysis
The H,-TPR profiles of X wt%WO3/M-ZrPO and bulk WO; are shown in Fig. 9.
The M-ZrPO showed no discernible reduction peaks at 550-1100 °C, whereas, the

bulk WO; showed three main peaks at 790, 930 and 1000 °C. These three peaks could
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be assigned to the three-stepwise reduction of WO; to W (WO3(VI) — W,00s3(VLYV)
— WO,(IV) — W(O)).54'55 However, the reduction of X wt%WO3/M-ZrPO was
strongly depended on the WO; loading. As reported in the literature, the reducibility
of tungsten-based catalysts increased as the strength of interaction between metal
oxide species and support decreased.>*® With the increasing of WO; loading from 5
to 30 wt%, a shift of reduction peaks to lower temperature was apparently observed,
indicating that the interaction between WO; and support became weaker with the
increasing of WOj; loading. However, the reduction temperature was still much higher
than bulk WO:s, illustrating the existence of intense interaction between WOj; species
and support. The strong interaction was in favor of reducing the sintering and leaching
of tungsten species in the calcination and reaction process.’

Figure 9

3.2.7 XPS analysis

The high-resolution XPS analysis was employed to investigate the surface chemical
composition as well as the oxidation state of tungsten species in X wt%WO3/M-ZrPO.
The W 4f XPS profiles of X wt%WO3/M-ZrPO with different WO3 loading are shown
in Fig. 10(1). All XPS profiles in the W 4f region were similar to each other in shape
and the intensity of W 4f region increased monotonously with the WO; loading. The
core level spectra displayed two peaks corresponding to W 4f;, and W 4f5;, with
binding energies of 36.2 and 38.3 eV, which were related to the W(VI) oxidation

state.”’ Therefore, it could be deduced that the tungsten species mainly existed as high
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oxidation state W(VI) in the materials. The high oxidation state W(VI) might account
for the improvement of Brensted acidic property with the increasing of tungsten
content in X wt%WO3/M-ZrPO.

In addition, the correlation between surface WO; contents of gotten products
calculated from XPS profiles and theoretical WO; contents as loaded in the
preparation process is shown in Fig. 10(2). According to the comparison of surface
WOs; contents with theoretical values, it could be concluded that the WO5 contents
almost increased linearly with increasing of WO; loading. This might suggest that
WO; species were dispersed uniformly on the surface of M-ZrPO even in the samples
with high WOj3 loading (25 and 30 wt%).

Figure 10

3.2.8 Acidic property

The acidic property of X wt%WO3;/M-ZrPO was evaluated by NH;-TPD. All the
TPD profiles of X wt%WO3/M-ZrPO are shown in Fig. 11. The characteristic TPD
profile showed an obvious broad peak at 150-400 °C. This indicated that abundant
acid sites with different strength existed in X wt%WQOs3/M-ZrPO. Furthermore, the
desorption peaks of NH; at 200 °C became larger with the introduction of WO; and
reached the maximum at 20 wt% WO; loading, indicating the acidity was improved
with the introduction of tungsten species. Further increasing WO3 loading to 25 and
30 wt%, the desorption peaks decreased, showing that the acidity began to decrease

with the appearance of crystalline WOs; in 25 wt%WO3;/M-ZrPO and 30
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wt%WO;/M-ZrPO. In addition, the peak at 320 °C which might be the Lewis acidity
caused by Zr(IV), became weak with the increasing of tungsten loading. This might
be due to the loaded WOs; species covered on the surface of M-ZrPO and reduced the
Lewis acid sites caused by the Zr(IV).

The pyridine-IR spectra recorded after adsorption of pyridine at room temperature
and outgassed at 150 °C are shown in Fig. 12(1). The spectra showed bands at 1450,
1575 and 1610 cm™, ascribed to pyridine coordinately bonded to the Lewis acid sites.
The samples showed bands at 1540 and 1640 cm™, which were due to protonated
pyridine bonded to the Bronsted acid sites. The bands at 1490 cm” were a
combination between two separate bands at 1540 and 1450 cm™, indicating that both
Bronsted and Lewis acid sites existed in the samples. When WOj; loading increased
from 0 to 20 wt%, the concentration of the Bronsted acid sites (bands at 1540 cm'l)
increased progressively. This might be owing to the increasing amounts of highly
dispersed tungsten species on the surface of M-ZrPO. However, the amounts of
Bronsted acid sites began to slightly decrease in 25 wt%WO3;/M-ZrPO and 30
wt%WO3/M-ZrPO, possibly due to that the high content of WOs3 led to appearance of
crystalline WOs3 in the two samples. Moreover, the spectra of X wt%WO3/M-ZrPO
outgassed at 250 °C are shown in Fig. 12(2). In the spectra, the band at 1540 cm™
disappeared in the sample without introduction of WO;. However, the spectra of 20
wt%WO3/M-ZrPO still showed observable band at 1540 cm™, illustrating that
Brensted acidity caused by the loaded tungsten species in 20 wt%WO3/M-ZrPO was

rather stronger than the Bronsted acidity in M-ZrPO. The Bronsted acid sites in 20
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wt%WO3/M-ZrPO gradually vanished with the desorption temperature reached 300
and 400 °C (as shown in Fig. S2). Moreover, the Bronsted and Lewis acidity gotten
from pyridine-IR spectra outgassed at 150 °C is shown in Table 2. The Brensted
acidity increased gradually and reached the maximum at 20 wt% WO; loading for
43.4 pmol-g”'. Further increasing WO; loading to 25 and 30 wt%, the Bronsted acidity
began to decrease gradually. We deduced that the WO; dispersion state on surface of
support could largely affect the Bronsted acidic properties. When the tungsten species
were highly dispersed on support (WOs loading <20 wt%), the surface Brensted
acidity increased with the increasing of WO; loading. The loaded WOj5 species could
be probably responsible for enhancing Brensted acidity. Beyond the monolayer
coverage, due to agglomeration of tungsten species and formation of crystalline WO;
(as proved from XRD, Raman and UV-vis analyses), gradual loss of Breonsted acidity
was observed in 25 wt%WO3;/M-ZrPO and 30 wt%WO3;/M-ZrPO (as shown in
Scheme 1).* The strong Brensted acid sites were essential to the benzylation of
anisole with benzyl alcohol.

Figure 11

Figure 12

Scheme 1

Table 2

3.3 Catalytic performance

The catalytic performance of X wt%WO3/M-ZrPO was investigated in liquid phase
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benzylation of anisole with benzyl alcohol. All the reaction schemes are presented in
Scheme 2. In this reaction system, benzylanisoles are the products of benzylation of
anisole with benzyl alcohol and dibenzyl ether is a product of the auto-etherification
of benzyl alcohol. Meanwhile, dibenzyl ether also can react with anisole to produce
benzylanisole.

To investigate the influence of WOs; loading on catalytic activity, the catalytic
performance of X wt%WO3;/M-ZrPO with different WO3 loading was investigated in
benzylation reaction and the results are shown in Fig. 13(1). As shown in Fig. 13(1),
the sample without supporting WO; showed poor catalytic activity for benzylation
reaction, and only showed 18.0% conversion of benzyl alcohol with 54.5% selectivity
of benzylanisoles. However, with introduction of tungsten species, both the
conversion and selectivity were largely improved and reached 76.3% and 74.8% at 5
wt% WO; loading. Further increase WOj3 loading, the conversion and selectivity were
stepwise improved and reached the maximum at 20 wt% WOj; loading with the 100%
conversion of benzyl alcohol and 91.0% selectivity of benzylanisole. Therefore, the
loaded WOs; species successfully improved the catalytic activity of X
wt%WO3/M-ZrPO in benzylation reaction. In the literature, there is a general
agreement that the benzylation of anisole with benzyl alcohol is catalyzed on the
Bronsted acid sites.”®>’ Therefore, the improved catalytic activity might be due to the
increasing of Brensted acid sites with increasing of WO; loading. However, for 25
wt%WO3/M-ZrPO and 30 wt%WOs/M-ZrPO, the catalytic activity began to fall

gradually. This might be on account of the active sites were covered by crystalline
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WOs; and the number of Brensted acidic sites decreased for excess WO; loading.
Based on the characterization results presented above, it could be concluded that the
proper content of tungsten oxide species and its highly dispersed state have a
significant effect on the catalytic performance of X wt%WO3;/M-ZrPO solid acid
catalysts. The samples with highly dispersed tungsten oxide species showed high
conversion and selectivity for the benzylation reaction, whereas the appearance of
WOs crystallites decreased the catalytic performance of X wt%WO3;/M-ZrPO.

The changing progress of benzyl alcohol conversion and benzylanisole yield was
studied by analyzing the reaction products at different time intervals (Fig. 13(2)).
Initially, the conversion of benzyl alcohol and yield of benzylanisole increased with
time and the maximum benzyl alcohol conversion (100%) and benzylanisole yield
(91.0%) were achieved at 120 min for 20 wt%WO3;/M-ZrPO. After 120 min, there
were little changes in the curves. Moreover, when solid acid catalyst was employed, a
crucial issue was possibility that the active sites might migrate from solid support to
liquid phase and these leached species might become responsible for a significant part
of the catalytic activity.***° In order to determine if the tungsten species leaching from
support, we investigated the yield of benzylanisoles with and without filtering 20
wt%WO3/M-ZrPO solid acid catalyst. As shown in Fig. 13(2), the liquid phase was
separated from the reaction system at 40 min. No further reaction was observed after
filtering the solid acid catalyst, proving that the benzylation reaction was only being
possible in the presence of 20 wt%WO;/M-ZrPO solid acid catalyst and 20

wt%WO3/M-ZrPO was a real heterogeneous catalyst. In addition, the possible
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leaching of WOs species into the reaction mixture was determined by the atomic
adsorption spectroscopy (AAS) analysis. No detectable tungsten species could be
found in the mixture, indicating that no obvious tungsten species leached to the
mixture in the reaction process.

Figure 13

Scheme 2

Moreover, in solid acid catalyzed reactions, both high activity and reusability are
significant in consideration of the separation of products and recycling of the catalyst.
In order to check the recyclability of the catalyst, we carried out five runs test over 20
wt%WO3;/M-ZrPO (shown in Fig. 14(1)). Compared with the fresh catalyst, no
significant declines in conversion and selectivity were observed after five cycles,
indicating that 20 wt%WO3;/M-ZrPO could be reused as solid acid catalyst in the
benzylation reaction. Moreover, to investigate the stability and persistence of active
tungsten species, 20 wt%WO3/M-ZrPO catalyst recovered after five cycles was
characterized by XPS analysis and the results showed that surface WO; content (20.6
wt%) changed little compared with fresh sample (20.1 wt%). All these results might
be due to the presence of strong interaction between active tungsten species and
M-ZrPO and the leaching of tungsten species were largely avoided in the reaction
process. In addition, the catalyst regenerated after five cycles was characterized by
N»-physisorption and TEM. As shown in Fig. S3 and S4, the mesostructure of 20

wt%WO3/M-ZrPO still existed and the textural properties (shown in Table 1) of used
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catalyst changed little, indicating that the catalyst suffered little damage in the
acid-catalyzed reaction. Moreover, Fig. 14(2) showed the activity of 20
wt%WO3/M-ZrPO and control catalysts (H-Beta, H-ZSMS5 and 20 wt%WO3/ZrPgq|.ge1)
in the benzylation reaction. Compared with the control catalysts, 20
wt%WO3/M-ZrPO showed a markedly higher catalytic activity. It was noteworthy
that 20 Wt%WO3/ZrPg,ge1 only showed 41.7% conversion of benzyl alcohol with
76.9% selectivity of benzylanisoles. This might be due to that the poor dispersion of
tungsten species on the ZrPg,.¢1 and crystalline WO3 appeared at a 20 wt% loading
leaded to weak Bronsted acidity (as shown in Table 2). Therefore, the mesoporous
structure was propitious for improving the dispersion of tungsten species on support
to provide more additional active sites for the reactant molecules resulting in
improved catalytic performance. Therefore, 20 wt%WO3/M-ZrPO was an ideal solid
acid catalyst in benzylation reaction due to the excellent catalytic activity and
recyclability.

Figure 14

4. Conclusion

A series of WO; supported on ordered mesoporous zirconium oxophosphate (X
wt%WO;/M-ZrPO) solid acid catalysts with different WO; loading from 5 to 30 wt%
were successfully synthesized and showed excellent catalytic performance in
benzylation of anisole. Moreover, compared with traditional zirconium phosphate

synthesized from sol-gel method (ZrPsl.gc1), the M-ZrPO with abundant ordered
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mesostructure was a better candidate to obtain highly dispersed tungsten species in the
samples. The state of WOs; largely influenced the catalytic performance of X
wt%WO;3/M-ZrPO. When WOs species existed as highly dispersed state (< 20 wt%),
the Brensted acidic properties and catalytic performance was improved with the
increasing of WO; loading. However, the Bronsted acidic properties and catalytic
performance began to decrease with the formation of crystalline WO; (> 25 wt%).
Moreover, due to the strong interaction between WO; and M-ZrPO, both sintering and
leaching of tungsten species could be greatly restrained. Therefore, the X
wt%WO3/M-ZrPO catalysts showed excellent stability and reusability in the

benzylation of anisole.
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Table 1. Textural properties of the X wt%WO3/M-ZrPO, 20 wt%WO3/ ZrPy14c1 and

20 wt%WO3/M-ZrPO-used derived from nitrogen adsorption and desorption data

Specific Pore W atom
WO; Pore size
Sample Surface Area Volume density
loading (nm)
(m2~ g’l) (cm3~ g'l) (atom~nm’2)
M-ZrPO 0 165.5 5.63 0.25 0
5 wt%WO;/M-ZrPO 5 157.2 5.61 0.21 0.83
10 wt%WO;/M-ZrPO 10 151.1 5.63 0.21 1.72
15 wt%WO;3/M-ZrPO 15 128.8 5.62 0.19 3.03
20 wt%WO;3/M-ZrPO 20 120.8 5.64 0.18 4.30
25 wt%WO;/M-ZrPO 25 109.1 5.65 0.17 5.95
30 wt%WO;/M-ZrPO 30 96.5 5.70 0.15 8.08
20 wt%WO3/ ZrPg1.gel 20 24.9 — — 20.9

20 wt%WO;3/M-ZrPO-used 20 110.5 5.62 0.17 4.70
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Table 2. The acidity of X wt%WQO;/M-ZrPO gotten from Pyridine-IR outgassed at

150 °C
Bronsted acidity  Lewis acidity =~ Total acidity
Samples
(umol-g™) (umol-g™) (umol-g™)

M-ZrPO 20.0 83.0 103.0
5 wt%WOs/M-ZrPO 339 80.0 113.9
10 wt%WO;/M-ZrPO 40.2 88.5 128.7
15 wt%WO;/M-ZrPO 422 77.4 119.6
20 wt%WO;3/M-ZrPO 434 84.3 127.7
25 wt%WO;/M-ZrPO 30.0 66.5 96.5
30 wt%WO;/M-ZrPO 25.0 63.0 88.0

20 Wt%WO3/ZrPg)gel 9.70 413 51.0
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Figure captions:

Figure 1. Small-angle X-ray diffraction pattern (1) and Wide-angle X-ray diffraction
pattern (inset of (1)), isotherms (2) and pore size distribution (inset of (2)) of the
support M-ZrPO.

Figure 2. TEM images of the M-ZrPO.

Figure 3. Wide-angle X-ray diffraction patterns of X wt%WO3;/M-ZrPO: (a) 5
wt%WO3/M-ZrPO, (b) 10 wt%WOs/M-ZrPO, (¢) 15 wt%WOs/M-ZrPO, (d) 20
wt%WO3/M-ZrPO, (e) 25 wt%WO3/M-ZrPO, (f) 30 wt%WO3/M-ZrPO.

Figure 4. Raman spectra of the X wt%WO3/M-ZrPO and bulk WO;: (a) M-ZrPO, (b)
5 wt%WO3/M-ZrPO, (¢) 10 wt%WO3/M-ZrPO, (d) 15 wt%WO3/M-ZrPO, (e) 20
wt%WO3/M-ZrPO, (f) 25 wt%WO3;/M-ZrPO, (g) 30 wt%WO3/M-ZrPO, (h) bulk
WO;.

Figure 5. Isotherms (1) and pore size distributions (2) of the X wt%WO3;/M-ZrPO: (a)
5 wt%WO;3;/M-ZrPO, (b) 10 wt%WO3/M-ZrPO, (¢) 15 wt%WOs/M-ZrPO, (d) 20
wt%WO3/M-ZrPO, (e) 25 wt%WO3/M-ZtPO, (f) 30 wt%WO3/M-ZrPO.

Figure 6. TEM images of the X wt%WQO3/M-ZrPO: (a) 5 wt%WO5/M-ZrPO, (b) 10
wt%WO3/M-ZrPO, (¢) 15 wt%WO3/M-ZrPO, (d) 20 wt%WO3/M-ZrPO, (e) 25
wt%WO;3/M-ZrPO, (f) 30 wt%WO;3;/M-ZrPO, (g EDX measurement of 20
wt%WO;/M-ZrPO. (The scale in images (a-f) was 50 nm)

Figure 7. UV-vis diffuse reflectance spectra of the X wt%WQO3;/M-ZrPO: (a) M-ZrPO,
(b) 5 wt%WO3/M-ZrPO, (¢) 10 wt%WO3;/M-ZrPO, (d) 15 wt%WO;/M-ZrPO, (e) 20

wt%WO3/M-ZrPO, (f) 25 wt%WO3/M-ZrPO, (g) 30 wt%WO3/M-ZrPO.
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Figure 8. FT-IR spectra of the X wt%WO3/M-ZrPO: (a) M-ZrPO, (b) 5
wt%WO3/M-ZrPO, (¢) 10 wt%WO3/M-ZrPO, (d) 15 wt%WO;/M-ZrPO, (e) 20
wt%WO3/M-ZrPO, (f) 25 wt%WO;/M-ZrPO, (g) 30 wt%WO;/M-ZrPO.

Figure 9. The H,-TPR profiles of the X wt%WO;/M-ZrPO: (a) M-ZrPO, (b) 5
wt%WO3/M-ZrPO, (¢) 10 wt%WO3/M-ZrPO, (d) 15 wt%WO;/M-ZrPO, (e) 20
wt%WO3/M-ZrPO, (f) 25 wt%WO;/M-ZrPO, (g) 30 wt%WO3/M-ZrPO, (h) bulk
WO;.

Figure 10. (1) High-resolution XPS spectra of the X wt%WO3;/M-ZrPO: (a) 5
wt%WO3/M-ZrPO, (b) 10 wt%WO3/M-ZrPO, (¢) 15 wt%WO;/M-ZrPO, (d) 20
wt%WO3/M-ZrPO, (e) 25 wt%WO3/M-ZrPO, (f) 30 wt%WOs/M-ZrPO; (2) the
realtion between WO; loading and WOj; content calculated from XPS spectra.

Figure 11. NH;-TPD profiles of the X wt%WO3;/M-ZrPO: (a) M-ZrPO, (b) 5
wt%WO3/M-ZrPO, (¢) 10 wt%WO3/M-ZrPO, (d) 15 wt%WO;/M-ZrPO, (e) 20
wt%WO3/M-ZrPO, (f) 25 wt%WO;/M-ZrPO, (g) 30 wt%WO;/M-ZrPO.

Figure 12. IR spectra for pyridine adsorbed on the X wt%WO3;/M-ZrPO recorded at
150 °C (1) and 250 °C (2): (a) M-ZrPO, (b) 5 wt%WOs;/M-ZrPO, (c¢) 10
wt%WO3/M-ZrPO, (d) 15 wt%WOs;/M-ZrPO, (e) 20 wt%WOs/M-ZrPO, (f) 25
wt%WO3/M-ZrPO, (g) 30 wt%WO3/M-ZrPO.

Figure 13. Friedel-Crafts benzylation reaction: (1) catalyzed by X wt%WO3;/M-ZrPO
with different WOs3 loading; (2) catalyzed by 20 wt%WO3/M-ZrPO at different times
(BA: benzylanisoles).

Figure 14. Friedel-Crafts benzylation reaction: (1) the recyclability of 20
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wt%WO3/M-ZrPO; (2) catalyzed by different solid acid catalysts.

Scheme 1. The WO; state on the X wt%WO3/M-ZrPO with increasing of WO;
loading.

Scheme 2. Friedel-Crafts benzylation reaction between anisole and benzyl alcohol.
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