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Graphical abstract

Highlights

» A novel sulfated solid superacid is synthesized firstly using mesoporous
TiO2(B) whisker as the support.

» Sulfated TiO2(B) has more total acid amount, higher percentage of
Bronsted acid and weaker acid strength than that of sulfated anatase
under similar sulfate group amount.

» Sulfated TiO2(B) shows increased esterification reaction rate and
decreased alkylation byproduct selectivity compared with that of
SOs?/Anatase.

» The unique structure-performance relationship of sulfated TiO2(B) may
open a strategy to mediate the acid characteristic for sulfated solid

superacid.

Abstract: Mesoporous TiO2(B) whisker was firstly applied as a support for
synthesizing the novel sulfated solid superacid (SO4%/TiO2(B)). According to
NHs-TPD, TG and Py-IR characterization results, it was found that the similar
amount of sulfate group on TiO2(B) and anatase showed significantly different
acid characteristics and catalytic performances. The total acid amount of
S04%/TiO2(B) was about 1.8 times as anatase-supported sulfated solid
superacid (SOs4*/Anatase). Simultaneously, the S04%/TiO2(B) possessed

higher percentage of Brgnsted acid and more weak-medium acid strength than



SOs%/Anatase. These acidic properties endowed SO04%/TiO2(B) with the
increased esterification reaction rate and decreased alkylation byproduct
selectivity compared with that of SOs?/Anatase. Structure-performance
analysis exhibited that there were more bridged bidentate sulfate groups
coordinated to the TiO2(B) in SO4%/TiO2(B), which could induce more Ti
cations than that of the chelating one. This was the key factor to be
responsible for the unique acid characteristics of SO4%/TiO2(B). The present
work provides a novel solid superacid and might open a strategy to mediate
the acid characteristic for sulfated solid superacid.

Keywords: TiO2(B); sulfated solid superacid; acid properties; coordination;

catalysis

Introduction

Sulfated solid superacid (SO4?/MxOy), distinguished from
conventional liquid acids, has significant advantages of high
catalytic-activity, rapid separation, easy recycling and low corrosivity.
Since Hino and Arata firstly found the superacidic characteristics of
S04*/MxOy [1], this type of materials has been attracting numerous
attentions of various fields. Towards dissimilar requirements of hundreds
of acid-catalyzed reactions, it is of great scientific and industrial
significance to design and achieve the specified sulfated solid superacid
[2-6]. Owing to the simple composition (i.e. sulfate group and support),
most efforts for developing novel SO4?/MxOy are mainly focused on
choice or synthesis of the supports [6, 7].

The improvements in geometrical factors of support were
preliminarily considered for mediating the acid properties of solid
superacid and simultaneously endowing them with some new physical
functions. For instance, enlarging surface area of support could increase
the adsorption amount of acidic precursors, which benefited the

formation of more number of acid sites in corresponding solid superacid



[8-10]. Moreover, constructing mesoporous framework of support can
effectively promote the mass transfer of reactants and resultants [11-14].
Besides these, to accelerate the separation from react system, the
supports of SO4>/MxOy are usually synthesized into the one with special
morphologies, such as hierarchical, layered and linear structure [15-17].
Apparently, the adjustment of geometrical factors of support mainly
influences the macroscopic parameters of solid superacid.

On the other hand, the individual structure of acid site of SO4%2/MxOy
is distinctly different on various supports. For example, sulfate groups
loaded on ZrO2, TiO2 and Fe203 could obtain the solid superacids with
the Hammett value (Ho) range from 13.0 to 16.1, suggesting the
presence of hundreds or thousands of times acid strength difference
between them [2, 3, 5]. Moreover, numerous efforts are devoted into
incorporation of structural promoter or combination of several supports
for synthesizing the solid superacid with specific acid type, acid amounts
and acid strength [2, 6, 18]. Essentially, these approaches change the
electronegativity and coordination of superficial atoms of supports to
affect their structure of acid sites. Both are two key factors to influence
the electronic induction of sulfate groups with supports, which could
determine superacidic characteristics of SO42/MxOy [2, 3, 19, 20]. To
date, only a few metal oxides (MxOy), e.g. ZrOz, TiO2, Fe203, SnO2, etc.,
are found to be qualified for the support of SO4%/MxOy. That means
S04 /MxOy must contain one of above-mentioned metal oxides.

In comparison, even on single metal oxides, their various crystal
phases or exposed facets can significantly influence the acid properties
of corresponding solid superacids. Tetragonal ZrO2-supported sulfated
solid superacid usually displayed several times the catalytic activity as
monoclinic ZrOz-supported sulfated solid superacid. This is mainly
attributed to the better suitable surface arrangement of tetragonal ZrO:

with sulfate group for obtaining the superacidity [21-23]. TiO2, another



support for SO4?/MxOy, has three common crystal phases, anatase,
rutile and brookite. It was found that the concentration of surface acid
sites per unit area was relatively higher in anatase TiOz than that in rutile
one [24]. Moreover, the sulfate groups in brookite TiO2 were less
deformed and consequently showed more stable than those in anatase
[25]. Besides three crystal phases, TiO2(B) is the other one metastable
phase of TiOz, firstly synthesized by Marchand et al. in 1980 [26]. Due to
its more exotic layered structure, TiO2(B) has attracted attention as
prospective lithium electrode, sensor material, and photocatalyst [27-30].
Specially, there are two, three or four-coordinated oxygen atom existed
in the surface of TiO2(B), while there is only one form of four-coordinated
oxygen atom in three common TiO2 polymorphs [31-33]. As mentioned
above, the special coordination of superficial atoms of TiO2(B) would
result in the formation of different acid properties of corresponding solid
superacids and possess varying catalytic performances.

In the present work, for the first time, a mesoporous TiO2(B) whisker was
applied as the support to prepare a novel sulfated solid superacid
(SO4%/TiO2(B)). Indeed, the obtained SO42/TiO2(B) could exhibit significantly
different acidic characteristics compared with that of sulfate groups on anatase
TiO2. Simultaneously, the S04%/TiO2(B) possessed excellent esterification
catalytic performance and low selectivity of alkylation byproduct. Furthermore,
the whisker morphology of TiO2(B) could facilitate the rapid separation of
S04%[TiO2(B). In the following context, the physicochemical properties of
as-prepared samples were systematically studied by Raman, SEM, HRTEM,
BET, NHs-TPD, Py-IR, and so on. The necessary data for
structure-performance relationship analyses were provided by TG, FT-IR and

XPS.

Experimental

Preparation of mesoporous SO4%/TiO2(B)



The preparation process of mesoporous SO4%/TiO2(B) contains two
main steps, synthesis of mesoporous TiO2(B) and loading of acid sites.
The mesoporous TiO2(B) is prepared from potassium titanate, which has
been reported in our previous work [34, 35]. Briefly, the raw material
K2CO3 and TiO2-nH20 were mixed at a Ti/K molar ratio of 0.95 for 12 h.
After being dried, mixture was calcined at 860 °C for 4 h to obtain the
potassium titanate. Subsequently, the calcined mixture was separately
placed into an autoclave filled with CaCl2 saturated solution and being
heated at 180 °C for 24 h. The obtained powders were further
lon-exchanged to remove the potassium ion and then was calcined at
500 °C for 2 h to acquire the mesoporous TiO2(B). The acidification
process of TiO2(B) was carried out by a conventional impregnation
method using liquid H2SO4 as acid source. The TiO2(B) powders were
immersed into excessive H2SO4 aqueous solution (1 M) with stirring for
overnight. After the solution was filtered, the collected powders were
dried and calcined at 450 °C for 2 h to obtain the SO42/TiO2(B) solid
superacid.

In addition, a commercial anatase TiO2 (AR, Jingrui New Material
Co., Ltd, China) was used as a support for preparing the control sample.
The acidification process was consistent with above-mentioned method,
and the achieved solid superacid was denoted as SOs%/Anatase.
Characterization

Raman spectra were recorded on a Horiba HR 800 spectrometer
equipped with a CCD camera detector. The wavelength of excitation light
was 514 nm and the signals were sampled in the range from 100 cm™ to
1100 cm*. Nitrogen adsorption/desorption at 77 K was carried out on a
Micromeritics ASAP 2020 system. The surface area of samples was
calculated by BET method and pore volume was obtained by nitrogen
adsorption with P/Po of 0.99. Pore size distribution was determined from

adsorption isotherms using Barrett-Joyner-Halenda method. Fourier



transform infrared spectroscopy (FT-IR) was performed on a Nicolet
6700 spectrometer in the wavenumber range from 2000 cm™ to 400 cm™
with a resolution of 4 cm™. The morphology of the samples was studied
by Scanning electron microscopy (SEM, JEM-7600F). Furthermore, the
nanoscale morphology of samples was collected by Transmission
electron microscope (TEM, JEM-2010). Thermo-gravimetric (TG)
analysis was carried out on a Model SDT 2960 (TA, America) instrument.
The experiment was conducted under nitrogen atmosphere and the test
temperature was started from 40 °C to 950 °C at a heating rate of 10
°C-min~t. X-ray photoelectron spectroscopy (XPS, ESCALAB 250)
equipped with a monochromatic Al Ka X-ray beam was used to analyze
the chemical state of Ti and S on the solid surface. All binding energies
of samples were referenced to the Cls peak (284.6 eV), which arose
from the adventitious hydrocarbons. NHsz temperature programmed
desorption (NHs-TPD) experiment was conducted on a TP-5000
equipment (Tianjin Xianquan Co., Ltd., China). Initially, the samples were
in-situ pretreated in He at 300 °C for 1 h. Subsequently, the samples
were cooled down to room temperature followed by injecting 5% NHs/He
gas till saturation of adsorption capacity. After being switched to pure He
purge at a flow rate of 30 mL-min! for about half an hour, the NH3-TPD
signal of sample was recorded as a function of temperature from 40 °C to
580 °C at a heating rate of 5 °C-mint. Pyridine absorption infrared
(Py-IR) measurements were also performed on the Nicolet 6700
spectrometer device equipped with a diffuse reflectance attachment and
an MCT detector. The tested powders were placed into an in-situ
chamber and smoothed. Initially, the powders were pretreated with He
(30 mL-mint) at 300 °C for 1 h, cool down to room temperature and
scanned for the background. Thereafter, gaseous pyridine was adsorbed

on powders until the adsorption saturation. He was injected into the



in-situ chamber and purged the powders for 1 h. Finally, the infrared
spectrum in the region from 1700 cm™ to 1400 cm? could be recorded.
Catalyst activity evaluation

Esterification reaction of acetic acid and n-butanol was employed to
evaluate the catalytic performance of various solid superacids. The
reaction was carried out in a 100 mL of three-necked flask equipped with
a reflux condenser, which was controllably heated in an oil bath.
Originally, 10 mL of acetic acid and 15 mL of n-butanol were added into
the three-necked flask. 0.5 g of solid superacid was added once the
temperature of liquid reactants reached up to 103+1 °C. After 45 min of
continuous reaction, the liquid products were collected and their
components were identified using a GC-9890B gas chromatograph
equipped with a 30 m OV-101 capillary column and a FID detector. The
recycle experiment was carried out by collecting solid superacid back to
three-necked flask. The corresponding stoichiometric amount of
reactants, reaction condition and product analyses were consistent with
those of above-mentioned esterification process.

Alkylation reaction of benzyl alcohol and anisole was also conducted in
the above experimental apparatus. The molar ratio of anisole to benzyl alcohol
was 9.6 and the usage amount of solid superacid was 0.2 g-mL! based on the
volume of benzyl alcohol. After continuous reaction at 130 °C for 45 min, the
liquid product was collected by filtering the solid superacid. The component
information of liquid product was identified by above GC-9890B gas

chromatography using naphthalene as internal standard substance.

Results and discussion

Structural information. The crystal information of solid superacids
was analyzed by Raman spectrum. As shown in Fig. 1, the obvious
peaks at 119 cm, 196 cm, 238 cm™, 251 cm™, 364 cm™?, 405 cm™?, 433
cm?, 467 cm, 632 cm™ and 660 cm™ are indexed to the TiO2(B) phase.



Additionally, SOs?/Anatase exhibited Raman bands at 139 cm, 393
cm?, 513 cm™ and 634 cm™, which are ascribed to the anatase phase
[27, 30, 36]. Both results indicate the pure crystal phase in two

respective supports of sulfated solid superacids.

(Fig. 1)

The morphology of SO04%/TiO2(B) and SOs?/Anatase were
characterized by SEM and TEM. Fig. 2(a & b) shows that the
S04%/TiO2(B) has a uniform whisker-like morphology, while the
SOs%/Anatase appears to be irregular ellipsoidal particles. TEM images
(as seen in Fig. 2(c & d)) further reveal the individual morphology of
S04%/TiO2(B) and SO4%/Anatase. The width and length of SO4%/TiO2(B)
whiskers are dozens of nanometers and hundreds of nanometers,
respectively. SOs?>/Anatase exhibits the particle size of dozens of
nanometers. In high resolution TEM images (as seen in Fig. 2(e)), the
S04%/TiO2(B) has lattice fringes with a d-spacing of 0.30 nm and 0.35
nm, which is in accordance with (-401) and (110) planes of TiO2(B),
respectively. Fig. 2(f) displays the lattice fringes with a d-spacing of 0.23
nm and 0.35 nm assign to the (004) and (101) lattice planes of anatase
phase. These demonstrate the presence of TiO2(B) phase and anatase
phase in SO4%/TiO2(B) and SOas%/Anatase, respectively, as consistent

with the results of above Raman spectra.

(Fig. 2)

Fig. 3 displays the nitrogen adsorption-desorption isotherms of
S04%/TiO2(B) and SOs*/Anatase. Both samples exhibit a type IV
isotherm characteristic, suggesting the presence of mesoporous

structure in SO42/TiO2(B) and SOs?/Anatase. Moreover, the type H3



hysteresis loop of S04%/TiO2(B) corresponds to irregular porous
structure [37, 38], which is related to the layered structure of TiO2(B)
precursor. After high-temperature calcination, the asymmetric
rearrangement or superimposition of TiO2(B) precursor leads to
formation of specific crystal structure and slit pore of titania [35]. Table 1
shows that the surface area (Seer) of S042/TiO2(B) is 78.8 m?-gl,
slightly higher than 63.1 m?-g! of SOs?/Anatase. Instead, SO4%/TiO2(B)
has an obviously lower pore volume (Vp) than SO4?/Anatase does (0.10
cm3.g?t versus 0.24 cm3.g?1). The low pore volume of SO4%/TiO2(B)
suggests the close distance between two sides of slit pore, as also
proved by the relatively small pore size distribution of SO42/TiO2(B)
(inset picture of Fig. 3).

(Fig. 3)

(Table 1)

Acidic properties. The acid strength distribution and acid amount
of solid superacids were characterized by NHs3-TPD. All the NHs3-TPD
curves can be divided into three temperature regions of below 200 °C,
200 °C~450 °C and above 450 °C, which are ascribed to the adsorption
of NHs onto weak acid sites, that onto medium acid sites and that onto
strong acid sites, respectively. As depicted in Fig. 4, two broadened NHs
desorption peaks at 125 °C and 508 °C can be observed in
SOs%/Anatase, which indicate that its content of weak acid and strong
acid are relatively more than that of medium acid. The present NHs-TPD
pattern of SO4?/Anatase is almost same as the literatures’ results [8, 9,
39, 40]. Nevertheless, the SO42/TiO2(B) shows remarkably different acid
strength distribution from SOas?/Anatase does. NHz molecules on

S04%/TiO2(B) are mainly desorbed at the temperature region of 200



°C~450 °C, which demonstrates the leading part of medium acid sites in
S04%/TiO2(B). The amount of various acid sites in SO42/TiO2(B) and
SOs%/Anatase are quantitatively calculated and the results are
summarized in Table 1. It reveals that the total acid amount of
S04%/TiO2(B) is about 1.8 times as that of SO4?/Anatase. Moreover,
70% of the total acid amount (NTota)) of SO4%/TiO2(B) are attributed to the
contribution of medium acid, whereas the strong acid amount (Nstrong) Of
S04%/TiO2(B) is less than that of SOs%>/Anatase (6.6 umol-g* versus 8.3
umol-gt). According to these results, it can be confirmed that the
S04%/TiO2(B) has more acid amount but relatively weak acid strength

compared with the SO4?/Anatase does.

(Fig. 4)

The acid type of solid superacids was identified by infrared
spectroscopic studies of adsorbed pyridine. As presented in Fig. 5, the
obvious band located at 1606 cm™ is attributed to the physical adsorption
of pyridine with hydrogen bonding of surface hydroxyl group of solid
superacids [41, 42]. Additionally, the band at 1540 cm™ is assigned to
the adsorption of pyridine onto Brgnsted acid sites, and the band at 1490
cm? is assigned to the coordinative bound of pyridine to both Bransted
and Lewis acid sites. The rightmost obvious band at 1445 cm™ is
ascribed to the adsorption of pyridine onto Lewis acid sites [41, 42].
Generally, anatase phase and TiO2(B) phase merely have Lewis acid
sites [32, 43]. Hence, the band at 1490 cm in two supports (Anatase
and TiO2(B)) is completely attributed to the adsorption of pyridine onto
Lewis acid sites. Compared with their bare supports, both SO42/TiO2(B)
and SOs?/Anatase show a new band at 1540 cm corresponding to
Brgnsted acid. Noteworthy, in the spectrum of S04%/TiO2(B), the

intensity of the band at 1490 cm™ is distinctly lower than that at 1445



cm, which is opposite to that in SO4?/Anatase and two supports. Based
on above analyses, the band at 1490 cm? of SO04%/TiO2(B) and
SO4%/Anatase should contain contribution of the adsorption of pyridine
onto Brgnsted acid sites. It means that the relatively higher intensity of
band at 1490 cm™ can be attributed to the larger ratio of Brgnsted acid
sites in SO4%/TiO2(B), as also reflected by more observable band at
1540 cm™ in SO4%/TiO2(B) spectrum. According to following equation (1
& 2) [44], the calculated results in Table 1 display that Brgnsted acid
takes up 70.9 mol% of the total acid amount in SO427/TiO2(B), whereas

41.5 mol% in SO42/Anatase.

X ionses = s x100% (1)

ted
lp +0.7521

Lewis

= L x100% (2)

B 1.3291, +1,
where Is and IL are the integrated area of peaks at 1540 cm™ and
1445 cm?, respectively. Xiewis and Xarensted are the molar percentage of

Lewis acid sites and Brgnsted acid sites, respectively.

(Fig. 5)

Catalytic performance. Esterification of acetic acid with n-butanol
and alkylation of anisole with benzyl alcohol were chosen as model
reactions to evaluate the catalytic performance of various solid
superacids. As exhibited in Table 2, the esterification reaction rate (re) of
S04%/TiO2(B) is 4.25 mmolsuoH-g*-min-t, which is higher than that of
SOs%/Anatase (2.87 mmolsuon-gt-mint). After excluding contribution of
spontaneous reaction or supports (1.15 mmolsuon-g*-mint and 0.95
mmolsuwoH-gt-mint for TiO2(B) and Anatase, respectively), the
esterification catalytic performance of SO4?/TiO2(B) brought by acid sites
shows about 60% of increase compared with that of SOs?/Anatase. It is

acknowledged that the improvement in reaction rate of conventional



acid-alcohol esterification is closely related to the increased acid amount,
especially Brgnsted acid amount [45-48]. Above NHs3-TPD and Py-IR
analyses have shown that S0O4?/TiO2(B) possessed more total acid
amount and relatively higher percentage of Brgnsted acid than
SOs4%/Anatase did. This could be responsible for the excellent

esterification performance of SO4%/TiO2(B).

(Table 2)

However, the superiority in catalytic performance of SO4%/TiO2(B) is
not observed in alkylation reaction that SO4%/TiO2(B) has a relatively
lower reaction rate of benzyl alcohol (ra) than SOs%>/Anatase does (1.39
mmolsa-gt-min? versus 1.95 mmolsa-gt-min-t). Note that the activation
of alkylation reactants requires to be carried out on strong acid sites
[49-51]. As shown in Fig. 4 and Table 1, the strong acid amount of
S04%/TiO2(B) is less than that of SOs?/Anatase. Hence, the
unsatisfactory alkylation reaction rate of SO042/TiO2(B) could be
associated with the insufficient strong acid amount. Moreover, besides
different reaction rates, the alkylation selectivities of SO4?/TiO2(B) and
SOs%/Anatase are also varied. There are three resultants,
ortho-benzylanisole, para-benzylanisole and dibenzylether in the
alkylation reaction of anisole with benzyl alcohol. Among them,
ortho-benzylanisole and para-benzylanisole are the target products of
alkylation reaction, while dibenzylether is the by-product [52, 53]. As
shown in Table 2, the selectivity of dibenzylether (Spibenzylether) is 20.57%
for SO4%/TiO2(B), which is relatively lower than that of SO42/Anatase
(26.07%) under the same reaction condition. Domen et al. comparatively
studied three solid acids with dibenzylether selectivity of 11%, 13% and
18%. They found the correlation of an increase in Brgnsted acid sites

with a decrease in dibenzylether selectivity [52]. It suggests that the



more Brgnsted acid sites could alter alkylation reaction to generate less
dibenzylether and more (ortho and para)-benzylanisole. Apparently, the
present result of alkylation reaction is similar to Domen’s work. As shown
in Py-IR analyses in Fig. 5, SO4%/TiO2(B) has a higher percentage of
Brgnsted acid sites than SOas?/Anatase, which can account for its

relatively low selectivity of byproduct dibenzylether.

(Fig. 6)

Herein, we introduce another advantage of SO4%/TiO2(B) towards
application that is the easy separation. Fig. 6 shows two solid
superacids’ solid-liquid separation state as a function of time. The
S04%/TiO2(B) suspension is clarified only at 60 min, while the
SOs%/Anatase one is still kept turbid after 90 min. SEM and TEM images
in Fig. 2 have displayed that the SO4%/TiO2(B) possessed a uniform
whisker-like morphology, which could be beneficial to be precipitated and
separated from liquid system compared with the ellipsoidal shape
SOs%/Anatase. The rapid precipitation of SO42/TiO2(B) proves the easy
solid-liquid separation, which promotes their further application
potentiality. On basis of this, the recycling performance of SO4%/TiO2(B)
and SOs%/Anatase are further comparatively studied. It can be observed
that both of them have a certain degree of deactivation after several
cycling. By comparison, SO4%/TiO2(B) shows obviously lower decline in
reaction rate than SOa?/Anatase, which could be related to the less
mass loss caused by easy separation of SO4%/TiO2(B). The leach of
sulfate groups away from solid superacid also cannot be excluded to
influence their decrease in reaction rates [4, 9]. Anyhow, SO4%/TiO2(B)
could show significantly better stability than SOs%/Anatase in the present

studies.



Structure-performance relationship. In above section, it has
illuminated the correlation of acid properties of S04%/TiO2(B) and
SO4%/Anatase with their catalytic performances. The following context is
focused on analysis of the reason why S04?/TiO2(B) exhibits different
acidic characteristics from that of SO4?/Anatase.

The influence of physical morphology and structure of solid
superacid on its acid properties is preliminarily analyzed. In Fig. 2,
S04%/TiO2(B) has exhibited the whisker-like shape while SOs%/Anatase
was appeared in granular. The morphological difference between them
mainly influenced their separations from liquid system, as proved in Fig.
6. For the acid properties of solid superacids, it was generally considered
to be more closely related to their surface area. The support with larger
surface area could easily adsorb more acidic precursors to increase the
sulfate group content and further form the more acid sites [8-11]. As
shown in Table 1, SO4%/TiO2(B) did have the relatively larger surface
area than SOs%/Anatase (78.8 m? g versus 63.1 m? g1). Accordingly, it
is necessary to analyze the content of sulfate group in two solid
superacids.

In many published literatures, the sulfate content of solid acid was
determined by thermogravimetry technique [54-57]. The weight loss
stage of solid superacid at above 550 °C is attributed to the volatilization
of sulfate group in the form of SOz, which can be used to calculate the
sulfate group content [57]. As shown in Fig. 7, the weight loss at such
temperature range of two samples are multiplied by a coefficient (1.2, i.e.

relative molecular weight ratio of SO4?" to SO3z) to achieve their sulfate
group contents (Wgqz-). The corresponding results are listed in Table 1.
The sulfate group content of SO4%/TiO2(B) is 2.22 %, which is slightly

higher (1.1 times) than that of SO4?/Anatase (1.97%). Indeed, the large

surface area of S04%/TiO2(B) could increase its own sulfate group



content, which is in accordance with published results [8-10].
Nevertheless, as seen in Table 1, NHs-TPD results show that
S04%/TiO2(B) possesses 1.8 times the total acid amount as that of
S0Os%/Anatase. Obviously, such tiny difference in sulfate group content
between S042/TiO2(B) and SOs?/Anatase cannot account for their
significant gap in acid amount (1.1 times versus 1.8 times). In terms of
the acid amount per unit of sulfate group, the SO4%/TiO2(B) is almost 1.6
times as that of SO42/Anatase. Similarly, the sulfate group amount also
cannot be responsible for the different percentage of Brgnsted acid
between SO4%/TiO2(B) and SOs%/Anatase (70.9 % versus 41.5%, as
seen in Table 1). These results indicate S04%*/TiO2(B) and

S0s%/Anatase have dissimilar structure of acid sites.

(Fig. 7)

FT-IR spectrum was employed to characterize the structure of
sulfate groups. As displayed in Fig. 8, several bands in the region of
1300 cm1~900 cm™? demonstrate the bidentate coordination of sulfate
groups to Ti cations of support [9, 19, 58]. Among them, the bands at
around 1300 cm*~1100 cm™ are attributed to the stretching of S=0O
vibrations. The asymmetric stretching of S=O vibrations generally appear
at relatively higher wavenumber (> 1200 cm™) and the symmetric one
located in relatively lower wavenumber (< 1200 cm™). Moreover, the S-O
stretching vibrations of the sulfate group are presented in the range from
1100 cm? to 900 cm™. Analogously, the wavenumber assigned to
asymmetric stretching of S-O band approaches to lower wavenumber
location (< 1000 cm™?) and that to its symmetric stretching vibration shifts
to a higher one (> 1000 cm) [9, 19, 58]. Besides the appearance of
these bands, it also can be seen a certain wavenumber shift of every IR

peak corresponding to S-O or S=0O bond vibration between



S04%/TiO2(B) and SOs?/Anatase, which can further confirm their

structure of sulfate groups are different.

(Fig. 8)

To date, there is not a definite structure model corresponding to the
acid site of sulfated solid superacid [3, 5, 59]. It is summarized that there
are two familiar types of bidentate sulfate group coordinated to TiOz,
namely chelating bidentate and bridged bidentate [5, 58-62], as shown in
Fig. 9. In the configuration of chelating bidentate coordination (Fig. 9(a)),
one sulfate group is chemically linked to one Ti cation, while one sulfate
group to two Ti cations in the bridged bidentate coordination (Fig. 9(b)).
In detail, the sulfate group is shaped in tetrahedral structure and its S-O
bond length is about 0.15+0.2 nm [63]. The Ti-O bonds of titania surface
have a length of 0.16 nm~0.24 nm [31]. HRTEM results in Fig. 2 have
shown that the d-spacing between Ti atoms in TiO2(B) and anatase
phase were in the range of 0.23 nm~0.35 nm [31]. Theoretically, both
above configurations are feasible to be present in TiO2-supported solid

superacid by adjusting bond length and bond angle of related atoms.

(Fig. 9)

In electron induction theory, the electron of metal cations of support
are induced to transfer to sulfate groups, which results in the strong
electron withdrawing ability of metal cations to form Lewis acid sites. The
Brgnsted acid sites are generated by synergistic interaction of surface
hydroxyl group or adsorbed water on metal oxides neighboring sulfate
group with Lewis acid sites [2, 19, 42]. The electron-deficient metal
cations of support which are chemically bonding to sulfate groups are the

real acid sites. In the model structure of acid sites (as shown in Fig 9),



one bridged bidentate sulfate group attracts the electrons from two linked
Ti cations while the chelating bidentate one only from one linked Ti
cation. It illustrates that more Ti cations could be induced to form Lewis
acid sites in the configuration of bridged bidentate coordination
compared with that in chelating one under the same sulfate group
amount. As a result, more Brgnsted acid sites can also be generated in
the configuration of bridged bidentate coordination. In Fig. 4 and Fig. 7,
the NHs3-TPD and TG analyses have displayed that SO4?/TiO2(B) had
obviously more acid amount than SOs?/Anatase whereas they exhibited
minor difference in sulfate group content. Simultaneously, Fig. 5 and
Table 1 have also shown the higher percentage of Brgnsted acid in
S04%/TiO2(B) compared with that in SOs%>/Anatase. Accordingly, it is
deduced that S04>/TiO2(B) has relatively higher ratio of bridged
bidentate sulfate groups while SO4?"/Anatase possesses more chelating
bidentate ones. Moreover, note that two Ti cations in each bridged
bidentate coordinative acid site could together share responsibility for the
electron donation, different from that only one electron donor exists in
each acid site in chelating bidentate coordinative configuration. If the
hypothesis were the case, the linked Ti cations in SO4?/TiO2(B) would
show relatively weaker electron-deficient than those in SO4?/Anatase.
Thus, it needs to dissect the electronic structure of Ti element in solid
superacids.

The XPS spectra of Ti2p and S2p of various samples are shown in
Fig. 10. It can be seen that the Ti2ps/2 and 2p12 binding energies of both
TiO2(B) and Anatase are 458.3 eV and 464.0 eV, respectively, which are
ascribed to the typical Ti** in titania [43]. In comparison, the Ti2ps2 and
2p12 binding energies of SO4?/TiO2(B) and SO4?/Anatase are shifted to
higher values compared with their respective supports, suggesting the Ti
cations in solid superacids are more electron deficient [64]. This

demonstrates the formation of Lewis acid site in solid superacids [43].



Moreover, both SO4%/TiO2(B) and SOs4?/Anatase are confirmed to the
existence of S%* through the binding energy of fitted into two peaks
(S2ps2 and S2pi2 doublet) at 168.8+0.1 eV and 170.0+0.1 eV [8, 65].
According to electron induction theory, only the hexavalent sulfur species
could make solid superacid show superacidic property [2, 66]. It
demonstrates the superacidity of SO4?/TiO2(B) and SOs?/Anatase from
electron structure analyses of elements. Correspondingly, NHs-TPD
results have proved the presence of strong acid sites in both
S04%/TiO2(B) and SO4%/Anatase, as also demonstrated by they showing

catalytic activity in alkylation reaction.

(Fig. 10)

On the other hand, noteworthy is that both S042/TiO2(B) and
SOs+%/Anatase have a significantly different shift in binding energy of Ti
cations compared with that of their respective supports. As shown in Fig.
10(a), the binding energy of Ti2pz2 in SO4?/Anatase is 458.8 eV, which
is 0.6 eV higher than that of Anatase. However, there is only 0.2 eV of
binding energy shift between SO42/TiO2(B) and TiO2(B), obviously lower
than that between SO4?/Anatase and Anatase (0.2 eV versus 0.6 eV).
This indicates the Ti cations of SO4%/TiO2(B) show relatively weaker
electron-deficient than that of SOs?/Anatase. This provides a strong
evidence to the aforementioned inference about acid site structure of
S04%/TiO2(B) and SOs%>/Anatase. Moreover, the electron-deficiency of Ti
cations corresponds to the acid strength of solid superacid [2, 43]. It
means that the strength of bridged bidentate coordinative acid sites is
weaker than that of chelating ones. This can account for the less amount
of strong acid in SO4%/TiO2(B) compared with that in SOs%/Anatase as

listed in Table 1. Thus, it could be believed that there are more bridged



bidentate coordination of sulfate groups existed in S04%/TiO2(B)
compared with those in SOs%/Anatase.

Based on the results and discussion mentioned above, we can
clarify the relationship between acid properties of SO42/TiO2(B) and acid
site structure. As the structure model of acid site shown in Fig 9, one
bridged bidentate sulfate group could induce two linked Ti cations to form
Lewis acid site while one chelating bidentate sulfate group could induce
to generate one acid site. With synergistic interaction of Lewis acid sites
to neighboring water molecules, more Brgnsted acid sites would be
produced in the configuration of bridged bidentate coordination. Hence,
under the same amount of sulfate group, more acid sites and higher ratio
of Brgnsted/Lewis acid sites could be formed in the configuration of
bridged bidentate coordination compared with that in the chelating one.
Furthermore, two electron donors are existed in each bridged bidentate
acid site, varying from that only one Ti cation with chelating bidentate
sulfate group could donate electron. Consequently, the Ti cations in
bridged bidentate acid sites show relatively weak electron deficient,
which further result in their weakened acid strength. As demonstrated
above, more bridged bidentate coordination of sulfate groups existed in
S04%/TiO2(B). Therefore, S04%/TiO2(B) possesses more total acid
amount, higher percentage of Brgnsted/Lewis acid sites but relatively

weaker acid strength compared with that of SO4?/Anatase.

Conclusions

In summary, the mesoporous TiO2(B) whisker-supported sulfated
solid superacid was synthesized for the first time, and its acidic
properties and the corresponding catalytic performance were
systematically analyzed. Under the similar amount of sulfate group,
S04%/TiO2(B) showed remarkably more acid amount, higher percentage

of Brgnsted acid, weaker acid strength compared with SO4?-/Anatase.



Different acid properties between S042/TiO2(B) and SOas?/Anatase
resulted in their varying catalytic performances of esterification and
alkylation and catalytic selectivities. All of the experimental evidence
were pointed to the formation of unique structural acid sites in TiO2(B).
The structure-performance relationship analyses exhibited that the
coordination of sulfate group with more Ti atoms of TiO2(B) was the key
factor for influencing the formation of unique acid characteristics and

further determining the corresponding catalytic results.
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Fig. 1 Raman spectra of SO4%/TiO2(B) and SO4?/Anatase
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Fig. 3 Nitrogen adsorption-desorption isotherms and pore size

distribution of SO4%/TiO2(B) and SO4%/Anatase
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List of Table

Table 1 Physicochemical properties of SO4?/TiO2(B) and SO4?/Anatase

Acid amount and strength

Structural properties Acid type
distribution®
Samples
P SBET Vp Wsof{— NTotal Nweak NMedium NStrong XBransted XLewis
(m*g") (cm®g') (wt%) (umol-g™) (umol-g™) (umol-g™) (umol-g™*) (mol%) (mol%)
S04%/TiO2(B) 78.8 0.10 2.22 33.3 3.9 22.8 6.6 70.9 29.1
SOs%/Anatase 63.1 0.24 1.97 18.8 3.6 6.9 8.3 41.5 58.5

o: acid amount is measured by molar amount of adsorbed NHs molecules per unit mass of solid

superacid.

Table 2 The reaction rate and selectivity results of various solid

superacids
Esterification Alkylation
Samples re ra Sortho Spara Sbibenzylether
(mmolsuon-g*-mint)  (mmolga -g*-min-t) (%) (%) (%)
S04%/TiO2(B) 4.25 1.39 26.05 53.37 20.57
TiO2(B) 1.15 0 / / /
SO4%/Anatase 2.87 1.95 24.60 49.31 26.07
Anatase 0.95 0 / / /




