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Abstract.

The behavior of hydrogen species on the surface of the catalyst during the Lewis acid transformation to form

Bronsted acid sites over the spherical silica-supported WO, catalyst was investigated. To understand the structure-activity
relationship of Lewis acid transformation and hydrogen bonding interactions, we explore the potential of using the in situ diffuse
reflection infrared Fourier transform spectroscopy (DRIFTS) with adsorbed ammonia and hydrogen exposure. From the results
of in situ DRIFTS measurements, Lewis acid sites on surface catalysts were transformed into new Brgnsted acid sites upon
hydrogen exposure. The adsorbed NHs on Lewis acid sites migrated to Brgnsted acid sites forming NH4*. The results show that
the dissociated H atoms present on the catalyst surface formed new Si—OH hydroxyl species — the new Bronsted acid site.
Besides, the isolated Si—O—W species is the key towards H-bond and Si—OH formation. Additionally, the H atoms adsorbed
surrounding the Si—O—W species of mono-0xo O=WO, and di-oxo (0=),WO, species, where the Si—O—W species are the main
species presented on the Inc-SSP catalysts than that of the IWI-SSP catalysts.
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1. Introduction

The designing and studying of silica-supported tungsten
oxide catalysts (SiO2-WOy) have received significant
attention and become a popular topic since it presents both
Lewis and Bregnsted acidic sites, which encourages
interesting properties for a wide range of applications (e.g.,
photocatalytic efficiency, selective oxidations, petro-
chemical industry, etc.) (Quan et al. 2020, Kiani et al. 2020,
Watmanee et al. 2019, Kiani et al. 2019, Maity et al. 201,
Mirtaheri et al. 20168). The acidic active sites on its surface
materials are commonly considered one of the most
versatile applications (Saelee et al. 2021, Zhou et al. 2014,
Zhang et al. 2013). Additionally, Song et al. (2015)
described that the oxygen-deficient surface of WOy can
certainly activate molecular hydrogen in both kinetics and
thermodynamics. Its oxygen vacancies site can serve as
shallow donors, enhancing capability for hydrogen
dissociation (Huang et al. 2015). Therefore, the study of
hydrogen surface behavior and acidic property on WOy
catalysts has recently attracted a great degree of academic
interest. The perception of these properties can provide
valuable information for understanding their catalytic
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properties and surface chemistry.

The transformation of Lewis acid is an interesting issue
that Lewis acid sites can be converted to new Brgnsted acid
sites during catalytic reactions (Ebitani et al. 1991, Ebitani
et al. 1992). This phenomenon involves the catalytic
process under hydrogen dissociation to become the
hydrogen spillover and electron transfer process on solid
acid catalysts. The O atoms around Lewis acid sites can be
stabilized with a released electron from H atoms, then they
lose their function and exhibit a strong Lewis basicity
described by Hattori and Shishido (1997). Ueda et al.
(2000) reported that hydrogen spillover should enhance the
change of Lewis acid site by desorption of adsorbed
pyridine on SiOz-supported noble metal (Pd, Pt, Rh, and Ir).
Also, Guntida et al. (2018) suggested that the transformation
of Lewis acid was presented over the physically mixing of
Pt/Al,O3 and oxide materials (e.g., SiO; and Al;Oz3) by the
hydrogen dissociation process on Pt particles. Recently, the
enhancement of tungstate W5* species and its oxygen
vacancy were found to play an important role in activating
the acid site’s transformation (Boonpai et al. 2020, Guntida
et al. 2020).

Silica supports of the WO, catalyst have commonly
been used in catalytic systems, in which the nature of
support can improve the surface tungsten species. The
silica-supported WOy catalysts presented a different
structure-activity relationship over their surface (Hu et al.
2011, Liu et al. 2012). While the impregnation of tungsten
species onto silica exhibits low dispersion due to the
formation of polytungstate and crystalline WOs3;, the
incorporation of tungsten species to silica can provide a
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high dispersion by embedding of W species to silica
framework described by Hu et al. (2006). Although the
transformation of Lewis acid was studied as the previous
literature mentioned above, the influence of Lewis acid
transformation to Brgnsted acid between H-bonding
interaction and W species on the silica support is
ambiguous. Therefore, this issue is necessary to be further
studied to better comprehend the surface tungstate species
on mesoporous silica for the transformation of Lewis acid,
which could be beneficial information for designing the
solid acid catalyst in the future.

Herein the influence of Lewis acid transformation to
Bronsted acid between H-bonding interaction and W
species on the silica support was investigated over silica-
supported WOy catalysts. The mesoporous spherical silica
nanoparticle (SSP) was used as silica support due to its
advantageous properties and diverse functionalization
(Zeng et al. 2021, Lv et al. 2016, Watmanee et al. 2018). To
explore the structure-activity relationship of Lewis acid
transformation, the sample was synthesized via two
techniques: (i) incorporation of tungsten oxide with the sol-
gel method (Inc-SSP) and (ii) incipient wetness
impregnation method (IWI-SSP) to SSP support. The
powerful method of in situ diffuse reflection infrared
Fourier transform spectroscopy (DRIFTS) with adsorbed
ammonia and hydrogen exposure was used to study the
surface molecular on the surface catalyst (Guntida et al.
2018, Yfanti and Lemonidou 2018, Boonpai et al. 2020).
However, the results could provide the benefits information
about the insight into the nature of acid site transformation
on solid acid catalysts under hydrogen conditions such as
hydrogenation, dehydrogenation, organic transformations,
and polymerization (Shen et al. 2017, Zhang et al. 2014,
Xie and Wan 2019, 2020, 2021).

2. Results and discussion
2.1 Characterizations of catalysts

The prepared sample is well uniformly dispersed during
the synthesis, evidenced by Energy-dispersive X-ray
spectroscopy (EDS) as shown in Table 1. The content of W
surface concentration shows a similar W content in Inc-SSP
(0.95 at%) and IWI-SSP (0.93 at%) catalysts. Besides, the
BET results show that pore size, pore volume, and surface
area are not significantly changed. This indicates that the
preparation methods (i.e., impregnation and incorporation)
are not significantly cause the morphology of catalysts.
TEM and SEM images in Fig. 1 show the spherical shape of
SSP materials, in which the IWI-SSP presents more
crystalline WQOj3 than Inc-SSP over their surface. This result
is well agreeable with XRD and Raman analysis, as shown
in Fig. 3. The IWI-SSP catalyst presents the highest
intensity peaks of monoclinic WO3 patterns on XRD (Bera
and Koner 2012, Ansari et al. 2019). Also, the Raman
spectra of IWI-SSP show a higher intensity of stretching
mode of W-O-W at 808 cm™ than Inc-SSP catalyst
(Horsley et al. 1987, Ross-Medgaarden and Wachs 2007).
The results are agreeable with the Wachs group that the
crystalline WO3 nanoparticles will be presented on WO,/
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Fig. 1 SEM images of (a) Inc-SSP, (b) IWI-SSP, and
TEM images of (c) Inc-SSP, (d) IWI-SSP

Table 1 Porous texture and element surface concentration of
SSP-supported WOy catalysts

SEM-EDS elemental

Porous texture .
analysis

Sample Sget? Vo
C 0, 0, i 0,
(m?lg)  (cm¥g) P¢ (nm) W (at%) O (at%) Si (at%)
Inc-SSP 892 0.68 31 0.95 62.68 36.37
IWI-SSP 944 0.55 2.3 0.93 58.20 40.87
2 Specific surface area
® Total pore volume (P/Py = 0.990)
¢ Average pore size
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Fig. 2 UV-vis spectra of SSP-supported WO catalysts

SiO; at W loading >8 wt% (Lwin et al. 2016). However, the
isolated tetrahedral ([WOQ4]%) and octahedral polytungstate
([WOes]™) species are also detected by UV-vis DRS (see
Fig. 2), which is shown in at the band 225 and 262 nm
(Bhuiyan et al. 2013, Wu et al. 2016), respectively.

The tungsten oxide structure was studied by X-ray
absorption near-edge structure (XANES) spectroscopy,
which provided the W L1 edge XANES spectra and Fitting
pre-edge peaks. The observed XANES pre-edge peaks in
Fig. 4(a) indicate the pre-edge feature of WO, coordinated
structures and isolated tungstate oxo species (mono-oxo
0=WO;, and di-oxo (0=),WO,), which absorbing W atom is
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Fig. 3 XRD patterns and Raman spectra of catalysts

displaced from the inversion symmetry center (Howell et al.
2016, Lwin et al. 2016, Watmanee et al. 2019). The results
reveal that IWI-SSP and Inc-SSP catalysts present both
dioxo and mono-oxo species as similar pre-edge features
characteristic of standard compound Cey(WO4)s, which
contains only isolated WO, sites (Lwin et al. 2016, Wu et
al. 2018). However, the Inc-SSP catalyst exhibit a higher
intensity of pre-edge peaks than the IWI-SSP catalyst,
indicating that the isolated tungstate oxo species is mostly
presented on the surface of the Inc-SSP catalyst. The
Si—O—W species is contained in the tungsten oxide structure
types of mono-oxo O=WO, and di-oxo (0=),WO; species,
in which W atoms flanked by either two or four —O—Si
moieties) (Wu et al. 2018, Watmanee et al. 2019).
Additionally, the formed Si—O—W species are further
evidenced by the 2°Si MAS NMR in Fig. 4(b), and its fitting
results are shown in Table 2. There are four peaks at the
chemical shift —91.3, —99.2, —103.7, and —108.1 ppm,
assigned to different species of Si—(OH)2(O—Si),, Si—(OH)
(0-Si);, W—0—-Si—(0-Si)3, and —Si—(0—Si)a, respectively
(Klepel et al. 2004, Hu et al. 2007b, Wu et al. 2018).
According to Table 2, the W—0O—Si—(O—Si)3 structure more
occurs over Inc-SSP than IWI-SSP catalyst as agreed with
W L1 edge XANES results. Klepel et al. (2004) suggested
that this structure indicated the silicon is flanked by one W
atom and three Si atoms in W-incorporated silicate catalysts.
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(a) Normalized XANES spectra
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Fig. 4 Normalized XANES spectra collected at the W L1
edge and 2°Si NMR of catalysts

Table 2 Deconvoluted results of relative peaks 2Si NMR
analysis of catalysts

Deconvoluted results of 2°Si NMR (%)

Sample ~ Si—(OH). Si—(OH) W-0-Si— Si—
(O=Si)2 (O-Si)s (O-Si)s (O=Si)

Inc-SSP 16.9 575 134 122

IWI-SSP 17.2 58.2 105 14.1

Thus, the three species of Si—(0—Si)s, Si—(OH)(O-Si)3, and
Si—(OH)2(0-Si); are commuted to W—O-Si—(0-Si); by
the combining of W species and —OH groups (Hu et al.
2007a, b). The results indicate that W species on Inc-SSP
can be mostly embedded into their bulk silica support to
generate Si—O—W species instead of aggregating together to
form the crystalline phase, which well agrees with TEM,
Raman, W L1 edge XANES, and ?Si MAS NMR results.

2.2 Transformation of Lewis to Brensted acid on
surface catalysts

The transformation of Lewis acid was studied by in situ
DRIFTS of adsorbed ammonia with hydrogen exposure, as
shown in Fig. 5. All samples show IR spectra of the surface
acidity of Lewis acid sites at the band 1280 cm™ and 1622
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Fig. 5 In situ DRIFTS spectra adsorbed NH3 upon
hydrogen exposure for 0-90 min (blue region) and
nitrogen purging for 100-150 min (green region) of
catalysts
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Fig. 6 In situ DRIFTS spectra of adsorbed NH3 upon

hydrogen exposure at initial (red line) and final (grey

line) over catalysts; Inc-SSP (a), and IWI-SSP (b)

cm* (adsorbed NHs), and Brgnsted acid sites at the bands
1448 and 1680 cm™ (adsorbed NH4*) (Wu et al. 2012,
Vorakitkanvasin et al. 2017, Xu et al. 2017). The sample
was adsorbed by ammonia to detect the initial Lewis and
Brgnsted acid sites. After that, the sample was exposed to
hydrogen for 90 min (blue peaks of 0-90 min) to investigate
the Lewis acid transformation to Bronsted acid during the
hydrogen exposure. Finally, the sample was switched to
nitrogen for 60 min (green peaks of 90-150 min) to relieve
the possible effect of moisture at around 1410, 1609, and
1700 cm (Daniel et al. 1987, Persson et al. 1992). To
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Fig. 7 Decreasing percentages of Lewis acid sites
(brown) and Increasing percentages of Brensted acid
sites (blue) over catalysts

observe the change of acid sites, the IR spectra at the initial
stage (0 min) and the final stage (150 min) were compared
in Fig. 6. The results show that the Brgnsted acid sites were
generated at around 1448 and 1680 cm™, while Lewis acid
sites at 1280 cm™ were relatively decreased. Thus, Lewis
acid sites on surface catalysts were transformed into new
Brgnsted acid sites upon hydrogen exposure. Besides, our
results are well agreeable with previous literature (Guntida
et al. 2018, 2020). The reduced WOy catalyst can provide
the lower oxidation state and its oxygen vacancy sites, in
which they can certainly generate H atoms and hydrogen
spillover under the hydrogen dissociation process (Song et
al. 2015, Boonpai et al. 2020). The H atoms can release an
electron and stabilize at around O atoms of Lewis acid sites,
leading to its acid site transformation (Hattori and Shishido
1997). The weak interaction between WOyxand SiO;
allowed hydrogen accessibility led to a high amount of
Lewis acid transformation (Guntida et al. 2020). In our
results, the changing percentages of this acidity are shown
in Fig. 7 by the consideration of equations in the
experimental section. It is clearly shown that the
performance of Lewis acid transformation on Inc-SSP is
better than the IWI-SSP catalyst. Therefore, the Inc-SSP
catalyst exhibited mostly W species that promote the
hydrogen-bonded clusters and the transformation of its acid
sites. However, the IWI-SSP catalyst has a low amount of
Lewis acid sites of 1622 cm™ at the initial (0-10 min). Since
the IWI-SSP catalyst was prepared by the incipient wetness
impregnation method between tungsten oxide and silica, it
is generally found that the WO3/SiO, catalysts have low
Lewis acid intensity due to the W species that presented on
the surface catalyst (Gayapan et al. 2018).

2.3 Hydrogen-bonded clusters on surface catalyst

To understand the structure-activity relationship of
hydrogen bonding interactions, the in situ DRIFTS with the
only hydrogen exposure was applied to investigate the
hydrogen surface behavior on catalysts (see Fig. 8). As
shown in Figs. 8(a) and 8(b), the intensities of all spectra
were increased during hydrogen exposure, indicating the
hydrogen-bonding on their surface catalysts. The major
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Fig. 8 In situ DRIFTS spectra with hydrogen exposure of catalysts; Inc-SSP (a,c), and IWI-SSP (b,d)

band at 3455 and 3646 cm are related to the isolated
silanol Si—OH groups on the surface, which provides
opportunities to form hydrogen bonds (Wallin et al. 2005,
Aziz et al. 2017). Besides, the sharp band was increased at
3741 cm? assigned to surface silanols Si—OH vibration
(Chirkin et al. 2012, Bendjeriou-Sedjerari et al. 2016). The
results reveal that the hydroxyl (—OH) groups were
generated on the surface catalyst during hydrogen exposure.
The band intensity of the formed Si—OH species (i.e., 3455,
3646, and 3741 cm™) is relatively increased with Inc-SSP >
IWI-SSP. Thus, the result implies that the OH groups prefer
to generate over silica surface of Inc-SSP catalysts than the
IWI-SSP catalysts. Additionally, the major band at 921-970
cm? in Fig. 8(c) and 6d of the Inc-SSP catalysts were
decreased during the hydrogen exposure, which was
assigned to Si—O—W species (Yang et al. 2005, Hu et al.
2007a, Watmanee et al. 2019). Meanwhile, the Si—-O—-W
species seemed a little decreasing in the IWI-SSP catalyst.
The results indicate that the Si—O—W species could be
consumed, while the Si—OH species were simultaneously
generated during the process. Thus, the Si—O—W species
should play a key role in the H atoms to form Si—OH
formation. Shen et al. (2017) reported that the molecular
hydrogen was hydrogenated on Ru/SBA-15 catalysts to
form H atoms, in which the H species were adsorbed on the
residing along with Ru-SiO; interface. Also, the surface
coverage of new hydroxyl (OH) groups were formed at the
vicinity of the Pt particles under the hydrogen atmosphere,
in which the interface of Pt-silica is a major importance for
the OH group formation (Wallin et al. 2005). In this
process, the electron-transfer process of dissociated H

species also occurred at the Pt-SiO; interface (Wallin et al.
2005). Moreover, Qian et al. also suggested the process of
CHg reforming with CO2 over Rh/MCF catalysts, in which
the spillover hydrogen atoms from CH4 decomposition on
rhodium surface were found to adsorb on Si—O—Si bridged
oxygen sites of MCF and to form surface Si—OH groups
(Qian et al. 2015). Therefore, the results of Si—OH
formation can indicate the activation/dissociation of
molecular hydrogen to form the adsorbed atomic hydrogen
on the silica surface. In our results, the Si—OH species were
increased and Si—O—W species were decreased during
hydrogen exposure, indicating that H atoms should be
adsorbed at Si—O—W species to form the new Si—OH
species surrounding its sites.

2.4 Influence of Lewis acid transformation to
Brgnsted acid between H-bonding interaction and W
species

The results are further studied by H.-TPD analysis in
Fig. 9. The samples show two hydrogen desorption peaks.
The first peaks (I) at temperatures range < 200°C were
attributed to hydrogen desorption on the metal site, while
the second peaks (Il) at temperatures ranging 200-400°C
were related to spillover hydrogen onto the silica support
(Zhang et al. 2014). Song et al. reported that the oxygen-
deficient surface of tungsten oxide can activate hydrogen
very easily in kinetics and thermodynamics (Song et al.
2015). The H atoms were generated and migrated to the
silica support, as seen in peaks Il of Fig. 9. The Inc-SSP
catalyst shows a higher intensity peak (1) than the IWI-SSP
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Fig. 10 Schematic model of hydrogen-bonded clusters in
Lewis acid transformation to new Brgnsted acid over
catalysts

catalyst. This result indicates the high accessibility of
hydrogen spillover over the Inc-SSP catalyst. The molecular
hydrogen was dissociated to form spillover hydrogen onto
the silica support. The final state of spillover hydrogen is
involved in the hydroxyls —OH groups formation, in which
the oxygen sites can accept the H atoms or ions (Rozanov
and Krylov 1997). Generally, the formed new hydroxyl
groups should provide the Brgnsted acid sites (Hara et al.
2015, Yun et al. 2016). However, our results show that the
increase of new Si—OH formation is related to the Lewis
acid transformation, in which the Inc-SSP catalyst shows a
higher performance than those of the IWI-SSP catalyst.
flanked by either two/four —O—Si moieties) (Wu et al. 2018,
Watmanee et al. 2019). The isolated di-oxo and mono-oxo
types are presented on WO,/SiO, catalyst as reported by
Wachs group (Lwin et al. 2016). Recently, Subramaniam
group reported that the W—O-Si species in di-oxo and
mono-0xo species are active site precursors for olefins
metathesis with W-Incorporated Silicates (Wu et al. 2018).
These are agreed with our results that the Si—O—W species,
in which the existence of isolated tungstate oxo species was
supported by the W L1 edge XANES technique, is a key

role in the formation of new Si—OH species subsequent to
the Lewis acid transformation to new Brgnsted acid sites as
confirmed by the results of in situ DRIFTS.

The schematic model of the effect of hydrogen surface
behavior on the Lewis acid transformation to Brgnsted acid
over catalysts is shown in Fig. 10. Molecular hydrogen is
dissociated on WOy sites to form hydrogen spillover.
Firstly, H atoms can migrate to adsorb surrounding the
oxygen sites of Si—O—W species, leading to the formation
of new Si-OH groups. Therefore, the in situ DRIFTS with
hydrogen exposure experiments detected the increase of Si-
OH groups. However, these formed hydroxyl groups should
provide a new Brgnsted acid site. Secondly, H atoms can
migrate to adsorb at Lewis acid sites, leading to the
transformation of Lewis acid. The H atoms can release an
electron to Lewis acid sites. Then it can lose its property
and can desorb its NHs. However, this NHs should be
migrated to adsorb at new Brgnsted acid sites or new
hydroxyl groups, and then the Brgnsted acid sites donate the
protons to form NHs*. Thus, the in situ DRIFTS with
adsorbed ammonia experiments detected the increase of
NH,*. Additionally, the possible mechanism is proposed as
follows Eqgs. (1)-(5):

2NH;,, <> 2NHy, (1)

H, < 2H 2

2H & 2H" +2e 3

2H" +2e(Si—O-W)<«>2H «(Si—0-W) 4)

2NH,, +2H ¢(Si—O-W) <> 2NH, «(Si—-O-W)  (5)

However, the formed OH groups on the catalyst surface
are usually active precursors for adsorbed substances (Hair
1975, Inaki et al. 2002, van Grieken et al. 2007, Yue et al.
2008, Azmi et al. 2020). Therefore, our results can provide
the valuable information that the Si—OH species and
Brgnsted acid, which can be formed under the hydrogen
atmosphere, can affect the pathway of the reaction with
hydrogen. Additionally, the Si—OH species could be
generated over Rh/MCF under CH4 dry reforming reaction
(Qian et al. 2015). The CH4 was decomposed into CHs* and
H*, then H atoms adsorbed on bridged oxygen sites
(Si—0O-Si) of the support to form Si—OH groups, which can
improve the rate of dry reforming reaction (Qian et al.
2015). Fujimoto et al. (1993) also reported that the
hydrogen spillover could participate as a Brgnsted acid site
on the zeolite, leading to hydrogenation. Therefore, this
work can provide the beneficial information for the
influence of W species on hydrogen bonding interactions
presented on the catalyst surface, which enhances the
surface designs further catalytic performance.

3. Experimental

3.1 Material synthesis

Spherical silica nanoparticle (SSP) was used as support
for catalysts. The SSP was synthesized using the sol-gel
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method with tetraethoxysilane (TEOS) for the silica source
and cetyl trimethyl ammonium bromide (CTAB) for the
structure-directing agent. The solution contains H20,
C:HsOH, NHs;, TEOS, and CTAB with the composition
ratio as reported by literatures (Watmanee et al. 2018).
Firstly, C.HsOH, H,O, and NH; were mixed, and then
CTAB was added to this solution with a stirring rate of 350
rpm for 15 min. Then, the TEOS was slowly dropped to this
obtained solution with a stirring rate of 350 rpm for 120
min. Secondly, the solution was then stirred for 120 min to
become the gel, and then it was filtrated and diluted with
H,O to get a pH of 7. After that, the filtrated sample was
kept overnight in an oven at 110°C. Finally, the dried
sample was heated to 550°C with 2°C/min for 6 h under the
calcination in the air to obtain the SSP support. For the
impregnated catalysts (IWI-SSP), the SSP support was
impregnated by the tungsten precursor solution of
ammonium metatungstate hydrate ((NHs)sH2W12040-XH20)
using incipient wetness impregnation method, and then the
sample was dried under ambient for 2 h. After that, the
filtrated sample was kept overnight in an oven at 110°C.
Finally, the dried sample was heated to 550°C with
10°C/min for 8 h under the calcination in air. The 8%wt of
W content by weight was denoted IWI-SSP. For the
incorporated catalysts (Inc-SSP), the preparation of SSP
support with the sol-gel method was modified by adding the
tungsten precursor and TEOS to the solution
simultaneously. The 8%wt of W content by weight was
denoted as Inc-SSP.

3.2 In situ DRIFTS with hydrogen exposure
experiments

The vibrational of hydrogen interactions presented on the
catalyst surface was investigated by the in situ diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS) with hydrogen exposure using Bruker’s Vertex-
70 FT-IR research spectrometer. The Praying Mantis™
accessory was used for the diffuse reflectance reaction
chamber to study catalysts and reactions in controlled
environments. The sample was carried out into KBr
windows. Firstly, the sample was pre-treated using H, and
N2 gas flow 10 ml/min at 500°C for 1 h, and then it was
heated to 550°C for 30 min and cooling down to 100°C
under an N2. To study the transformation of the acid site, the
sample was adsorbed by ammonia (15% NHs/He) flow
10 ml/min, and then the sample was exposed to H, and N
at 100°C under atmospheric pressure. To study hydrogen-
bonded clusters, the sample was exposed to H, at 100°C
under atmospheric pressure. The IR spectra were
automatically recorded using an MCT detector. The IR
spectra were subtracted with their first spectra at 0 min. The
decreased percentage of Lewis acid sites was considered
using the IR band of 1280 cm™ and the calculation of Eq.
(6), while the increasing percentage of Bronsted acid sites
was considered using the IR band of 1448 and 1680 cm™
and the calculation of Eq. (7).

L-L,

Decreasing of Lewis acid sites (%) =(

JxlOO (6)

Increasing of Bronsted acid site (%) = [BO_B'

JxlOO @)
0

where L, and B, refer to the deconvoluted peaks of
Lewis and Bronsted acid sites at initial stage (0 min), while
L; and B; refer to the deconvoluted peaks of Lewis and
Bronsted acid sites at final stage (150 min), respectively.

3.3 Material characterizations

XRD pattern analysis was carried out using a D8
Advance of Bruker AXS using Ni-filter selecting CuK,
radiation. Brunauer-Emmett-Teller (BET) surface areas,
pore volumes and pore sizes of all catalysts were performed
at -196°C using a Micrometritics Chemisorbs 2750 model
ASAP 2000 automated system. Transmission electron
microscopy (TEM) image, and energy-dispersive X-ray
spectroscopy (TEM-EDS), which were obtained on a JEOL
JEM-2010 microscope equipped with a LaB6 electron gun
operated at 200 kV, were used to analyze the morphology
and composition of the sample. Scanning electron
microscopy (SEM) experiments were investigated on a
Hitachi S3400N. The UV-vis DRS was recorded using
Lambda 650 spectrophotometer in the range between 200
and 500 nm. X-ray Absorption Near-Edge Structure
(XANES) spectroscopy was performed in transmission
mode at synchrotron light research and institute, the
synchrotron Thailand central lab, which Athena and Larch
software were used to analyze the data. The Fourier
transform infrared spectrometer (FT-IR) was recorded with
a Bruker Vertex-70 FT-IR spectrometer equipped with a
Harrick Praying Mantis attachment for diffuse reflectance
spectroscopy using a Mercury-Cadmium-Telluride (MCT)
detector. The sample was performed in the in situ IR cell
with KBr windows connected to the close circulating
system. The sample was pretreated under mixed gas of H-
flow (10 ml/min) and N2 flow (10 ml/min) at 500°C for 1 h,
and then it was heated to 550°C under N flow for 30 min,
followed by cooling to 40°C. The IR spectra were
subtracted from the background spectrum obtained from the
KBr sample. The solid-state °Si and 'H NMR were
determined by Fourier to transform nuclear magnetic
resonance spectrometer 400 MHz (Solid) using a Bruker
AVANCE Il HD (Ascend 400 WB) spectrometer using 4
mm MAS probes at a spin rate of 8 kHz. Hydrogen
temperature-programmed reduction (H.-TPR) analysis was
performed to investigate the reducibility of the sample. The
measurement was carried out in a quartz microreactor by
using the Micrometrics Chemisorbs 2750 automated
system. The sample was pretreated in Ar (25 ml/min) at
500°C for 1 h, and then cooled down to room temperature,
then it was followed by a temperature-programmed
reduction by 10% H, in Ar (15 ml/min) from room
temperature to 800°C with a heating rate of 10°C/min.
Hydrogen consumption was obtained by a thermal
conductivity detector (TCD). Hydrogen temperature-
programmed desorption (Hz-TPD) analysis was used to
investigate the adsorption behavior of hydrogen. The
sample was carried out in a quartz microreactor using the
Micrometrics Chemisorbs 2750 automated system. The
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sample was pretreated with the mixed gas flow of H, (25
ml/min) and N» (25 ml/min) at 500°C for 1 h, and then it
was heated to 550°C at a heating rate of 10°C/min under an
N2 flow for 30 min. After that, the sample was cooled to
40°C, followed by adsorption of H; gas flow for 30 min.
Finally, the sample was purged with an N flow for 1 h, and
then it was heated to 400°C at a heating rate of 10°C/min
under N2 flow. The signals of hydrogen desorption were
monitored by a thermal conductivity detector.

4. Conclusions

In the present work, the influence of Lewis acid
transformation to Brgnsted acid between H-bonding
interaction and W species on the silica support was
investigated over silica-supported WOy catalysts. In the
results of in situ DRIFTS, Lewis acid sites on surface
catalysts were transformed to new Brgnsted acid sites upon
hydrogen exposure. Additionally, the Si—OH species are
formed during hydrogen exposure, in which the Si—O—W
species are relatively decreased. It was postulated that the
isolated Si—O—W species on catalysts is a major importance
for H-bonding and new Si—OH formation. The results show
that the dissociated H atoms were presented and migrated
onto surface catalysts to form the new hydroxyl Si—OH
species, which provides a new Brgnsted acid site. The H
atoms can be adsorbed surrounding the Si—O—W species of
mono-oxo O=WO, and di-oxo (O=),WO; species. The
Si—O—W species are mostly presented on the Inc-SSP
catalysts than the IWI-SSP catalysts. However, these results
give a piece of beneficial information for the influence of W
species on hydrogen bonding interactions presented on the
catalyst surface, which enhances the surface designs further
catalytic performance.
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