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Mesoporous superacids S20s2--Fe203/SBA-15 (SFS) with active nanoparticles are prepared by ul-
trasonic adsorption method. This method is adopted to ensure a homo-dispersed nanoparticle ac-
tive phase, large specific surface area and many acidic sites. Compared with bulk S20s?-Fe20s3,
Bronsted acid catalysts and other reported catalysts, SFS with an Fez03 loading of 30% (SFS-30)

exhibits an outstanding activity in the probe reaction of alcoholysis of styrene oxide by methanol
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with 100% yield. Moreover, SFS-30 also shows a more excellent catalytic performance than bulk
S208%-Fe203 towards the alcoholysis of other ROHs (R = C2Hs-Cs4Ho). Lewis and Bronsted acid sites
on the SFS-30 surfaces are confirmed by pyridine adsorbed infrared spectra. The highly efficient
catalytic activity of SFS-30 may be attributed to the synergistic effect from the nano-effect of
S208%-Fe203 nanoparticles and the mesostructure of SBA-15. Finally, SFS-30 shows a good catalytic
reusability, providing an 84.1% yield after seven catalytic cycles.

© 2018, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

Acid catalysts play an important role for various chemical
reactions of industrial interest. Conventional acids (i.e., H2S04,
H3PO4 and p-toluenesulfonic acid) exhibit a high catalytic activ-
ity; however, significant risks are associated with their han-
dling, containment, disposal as well as the issue of equipment
corrosion [1,2]. For these reasons, new stringent environmen-
tal legislations against the use of these conventional acids in
industrial applications have been implemented in many coun-
tries. Consequently, in recent years, solid superacids have re-

ceived extensive attention because of their strong acidity, ease
of separation, low corrosivity, stability, reusability and envi-
ronmental friendliness [3-6]. Particularly, SO42--MxOy superac-
ids (i.e, SO42--ZrO2, S042--TiO2 and S042--Sn02) have been the
subject of many investigations because of their good catalytic
performance and low waste generation [7,8]. Compared with
S042--Mx0y, S208%2--Mx0y with stronger acidities and catalytic
activities have begun to attract interest. However, only a few
kinds of Mx0, compounds, such as ZrOz and Al203, have been
studied. Therefore, the exploration of metal oxides is of great
value. In addition, Fe-doped superacids are well known for
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their good catalytic activity and stability in several industrial
and environmental processes [9,10].

A research focus has been how to overcome the low surface
area and porosity of bulk superacids to improve their specific
surface area and enhance the catalytic activity of the active
phase. Nowadays, with the development of nano-technology,
various nanomaterials have been extensively used, including
nanoparticles and nanocomposites, and have drawn considera-
ble attention because of their high temperature sensitivity, high
ductility, large surface area, high strain resistance, and low
electrical resistivity [11,12]. How to turn materials into nano-
particles is a challenging topic. As an efficient and practical
technology for the preparation of nano-materials, the ultrason-
ic technique has the advantages of introducing local stress in-
tensities and ensuring a reproducible state of dispersions [13].
In addition, mesoporous silica materials have been identified as
possible catalyst supports, particularly SBA-15, which have
ordered hexagonally mesopores, thick channels, big pore di-
ameters, and large surface areas [14-19].

In this context, we have developed homo-dispersed
S2082--Fe203 (SF) nanoparticles supported on SBA-15
(S2082--Fe203/SBA-15, SFS) with a large specific surface area by
ultrasonic adsorption method. The prepared mesoporous su-
peracid showed better catalytic activities than bulk
S2082--Fe203, Bronsted acid catalysts and the other catalysts
reported for the probe reaction of alcoholysis of styrene oxide.
In addition, the structure, surface acidity, and activity of the
superacid catalysts were evaluated.

2. Experimental
2.1. Catalyst preparation

All alcohols were analytical grade and purchased from
SINOPHARM Chemical Reagent Co., Ltd. Styrene oxide (99%),
(NHa4)2S208 (98%) and Fe(NO3)3*9H20 (98%) were supplied
from Energy Chemical. SBA-15 was obtained by Nanjing
XFNANO Materials Tech Co., Ltd.

The SFS solid superacids were prepared using the UA
method (Fig. 1). The Fe(NOs3)s aqueous solution was slowly
added to the SBA-15, then the mixture was evenly dispersed in
an ultrasonic bath for 15 min. The Fe(NOs)3/SBA-15 was dried
at 45 °C for 12 h, and calcined at 550 °C for 6 h to obtain the

SBA-15

1) Ultrasonic adsorption ’ 1) Ultrasonic adsorption
of Fe(NO;); of (NH,),S,05
2) 550°C ualcmmz 6h 2) 500°C calcining 4h

Fe,0,/SBA-15

Fig. 1. Well-ordered mesoporous S;0s?-Fe203/SBA-15 prepared by
ultrasonic adsorption and dry-calcination.

Fe203/SBA-15. During calcination, the temperature was in-
creased at a rate of 1 °C/min, starting from 50 °C. A (NH4)2S208
aqueous solution was slowly added to the Fe;03/SBA-15 to
afford (NH4)2S20s-Fe203/SBA-15, which was also dried at 45 °C
for 12 h and calcined at 500 °C for 4 h after a heating ramp that
started at 50 °C with a rate of temperature increase of 2 °C/min
to obtain S2082--Fe203/SBA-15 (SFS-x, x = 10, 20, 25, 35, 40, 45).
The Fe203 loading of x% was calculated according to Eq. (1).
The Fe(NO3)3:9H20/(NH4)2520s molar ratio was 1:1.

X(%) = Wre203/Wsga-15 x 100% (€8]

2.2. Catalyst characterization

X-ray fluorescence spectrometry (XRF) was recorded on a
ZSX-100e. The surface morphology of the catalyst was ob-
served using a FEI Sirion 200 field-emission scanning electron
microscope (SEM) and a JEM-1200EX transmission electron
microscope (TEM). The Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet 360 FT-IR instrument (KBr
discs) in the 4,000-400 cm-! region. X-ray diffraction (XRD)
patterns were collected on the X'Pert Pro Multipurpose dif-
fractometer using a Cu Ke radiation source at RT from 0.5° to
5.0° (small angle) and 5° to 50° (wide angle). Measurements
were conducted using a voltage of 40 kV, and a current setting
of 20 mA for small angle XRD and 40 mA for wide angle XRD. N>
adsorption-desorption isotherms and specific surface areas
were measured at —196 °C using a Micromeritics ASAP 2020
surface area and porosity analyzer. The X-ray photoelectron
spectroscopy (XPS) measurements were performed on a RBD
upgraded PHI-5000C ESCA system (Perkin-Elmer, Norwalk, CT,
USA) with Mg K. radiation (hv = 1253.6 eV), where binding
energies were calibrated by using the containment carbon (C 1s
= 284.6 eV). The infrared spectra of adsorbed pyridine (pyri-
dine-IR spectra) were obtained on a PE Frontier FT-IR spec-
trometer [20].

2.3. Catalytic tests

A comparison of the catalytic performances of superacid
catalysts tested in the probe reaction of alcoholysis of styrene
oxide with MeOH was performed in a 50-mL flask (Scheme 1).
Typically, styrene oxide (1.60 g, 13.3 mmol), MeOH (3.00 g,
93.6 mmol), and the catalyst (10.0 mg) were added to the re-
actor and stirred at 40 °C. The reaction mixture was sampled
periodically, and the samples were analyzed by gas chroma-
tography (Agilent Technologies 7820A GC system, Palo Alto,
CA, USA). Under the operating conditions adopted, the product
was 2-methoxyl-2-phenylethanol with 100% selectivity, as
identified by the analyses of 1H NMR and 13C NMR. The catalyst
activity and stability were measured in detail.

0 OR

SF/SFS-30 (cat.)
40 °C OH

+ ROH

Scheme 1. The probe reaction of alcoholysis of styrene oxide.
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3. Results and discussion
3.1. Catalyst characterization

The morphology of the solid superacid SF was characterized
by SEM and TEM. As shown from the SEM images (Fig. 2(a)),
the crystal structure of SF was formed by the coordination of
Fe203 and S20s%- at high temperature (Fig. 2(b)). Moreover, the
lattice structures of SF could be clearly seen from the TEM im-
ages (Fig. 2(c) and 2(d)). The clear lattice fringes with two in-
terval spacings of 0.405 and 0.30 nm corresponded to the crys-
tallographic planes of monoclinic SF, in accordance with the
XRD peaks at 29.70 and 21.5¢ (Fig. 4(c)). Elemental mappings
were taken to gain insights into the distribution of SF (Fig.
2(e)). Furthermore, the XRF analysis showed the element con-
tent of SF was 41.8% 0, 34.8% Fe, 22.1% S.

The morphology analysis of SFS-30 is shown in Fig. 3. The
external structure of SFS-30 (Fig. 3(a) and 3(b)) was similar to
that of SBA 15. The TEM images clearly revealed the inner
mesoporous channels in which SF nanoparticles of approxi-
mately 6 x 8 nm were uniformly distributed (Fig. 3(c)). Moreo-
ver, the clear lattice fringe with an interval spacing of 0.44 nm
(Fig. 3(d)) corresponded to the crystallographic planes of
monoclinic SFS-30, in agreement with the XRD peak at 20.3°
(Fig. 4(d)). To gain insights into the distribution of SFS-30, ele-
mental mappings were taken (Fig. 3(e)). It could be seen that
the four elements of O, Fe, S and Si were evenly distributed in
the prepared catalytic material, which showed that the active
components were uniformly dispersed in SBA-15, and no ag-
gregation occurred. Furthermore, the XRF analysis showed the
element content of SFS-30 was 42.9% 0, 18.5% Fe, 5% S, and
32.7% Si.

The FT-IR spectra of Fe203 and SF are shown in Fig. 4(a).
Compared with Fez03, SF showed the emergence of new bands

0A405-nm
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Fig. 2. (a) SEM images of SF; (b-d) TEM images of SF; TEM images (e)
and elemental mapping (f) of the composite SF.

Fig. 3. (a) SEM images of SFS-30; (b-d) TEM images of SFS-30; TEM
images (e) and elemental mapping (f) of the composite SFS-30.

in the range of 900-1300 cm-1, which were attributed to the S
=0 or S-0 bonds in the acid structures of the catalysts [21,22].
In this range, the peaks at 995, 1113 and 1127 cm-! were as-
signed to the stretching vibration of S-0. Meanwhile, the band
at 1227 cm-1 was assigned to the stretching vibration of S=0.
The attribution of these characteristic vibration peaks was in
accordance with the reported S20s2- ion of solid superacids
[2,23-26]. This result indicated a very strong interaction of
surface persulfate species with Fe(Ill) species, which was the
significant reason for the formation of the active acid center on
the surface of SF [27,28].

The FT-IR spectra characterizing SBA-15 and SFS-30 are
shown in Fig. 4(b). The band at 964 cm-! was related to the
characteristic stretching vibration of Si-OH of SBA-15 [29,30]. It
was apparent that the absorption band at 964 cm-! moved to
968 cm-1 and became weaker after loading SF on the pore sur-
face of SBA-15. This effect was attributed to the stretching vi-
bration of Si-OH being perturbed by Fe3+* in a neighboring posi-
tion [28,31]. The special bands in the range of 900-1300 cm-1,
attributed to the S=0 or S-0 bonds, were covered by the band
at 1091 cm-1, which was attributed to the asymmetric stretch-
ing vibration of Si-O-Si in the SBA-15 [32,33]. However, it was
obvious that the band at 1097 cm-! broadened compared with
the band at 1091 cm-1, which indicated the successful loading
of SF nanoparticles on the SBA-15.

The XRD patterns of Fe203 and SF in the wide-angle region
of 3°-60° are shown in Fig.4(c). The prepared Fez03 exhibited
all the well-resolved characteristic peaks of the Fez03 crystallite
(JCPDS card No. 33-0664) with the six peaks displayed at 26 =
24.1°, 33.1° 35.6° 40.8° 49.4° and 54.0°. Six new peaks ap-
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Fig. 4. FT-IR spectra of Fez03, SF (a), SBA-15 and SFS-30 (b); XRD of Fe20s, SF (c), SBA-15 and SFS-30 (d).

peared in the diffraction pattern of SF after (NH4)2S20s adsorp-
tion and calcination. The six peaks displayed at 26 = 14.7°,
20.2°,21.5°, 24.7°, 29.7° and 32.5° were well matched with the
standard JCPDS card No. 33-0679, and resulted from the inter-
action of Fe203 with (NH4)2S20s.

The XRD patterns of SBA-15 and SFS-30 in the small and
wide-angle regions are shown in Fig. 4(d). The small angle
(0.4°-10°) XRD patterns were similar for SBA-15 and SFS-30
and showed that S;082--Fe;03 was very well dispersed and did
not damage the mesoporous structure of SBA-15. However,
there were significant differences in the wide-angle XRD pat-
tern (10°-60°). SFS-30 clearly exhibited six new peaks at 26 =
14.7°, 20.3°, 21.5°, 24.7°, 29.7° and 32.5° (JCPDS card No.
33-0679), which corresponded to the XRD of SF, and which did
not appear in the XRD of SBA-15. Such results indicated the
successful loading of SF nanoparticles on SBA-15.

To investigate the chemical states of Fe and S in the samples,
XPS measurements were performed. Fig. 5(a) and 5(b) shows
the Fe 2p and S 2p XPS spectra of SFS-30. The SFS-30 contained
two peaks at 706.75 and 720.07 eV (Fig. 5(a)), which could be
assigned to the Fe3+ species. The Sé+ species was revealed by
the binding energy of 169 eV in Fig. 5(b) [26].

The Nz adsorption-desorption isotherms of SFS-30 are
shown in Fig. 5(c). According to IUPAC classifications [34], the
isotherms exhibited a type IV pattern and both showed a clear
loop (H1 hysteresis loop) in the relative pressure range of

0.4-0.8. The presence of a hysteresis loop, which arose from
capillary condensation, indicated the presence of regular mes-
oporous channels in the materials. This further confirmed that
SFS-30 retained the intact and ordered mesoporous structure
of SBA-15 after S20s2--Fe203 loading. The parameters describ-
ing the textural properties and catalytic activities of bulk SF and
SFS-30 are summarized in Table 1. The BET surface area and
pore volume of SFS-30 were obviously larger than those of SF.
In addition, Fig. 5(c) shows the N2 adsorption-desorption iso-
therms of SFS-40, where the BET specific surface area, pore
volume, and pore size were 218.09 m2/g, 0.21 cm3/g and 3.50
nm, respectively.

The pyridine-IR spectra were employed to evaluate the type
and strength of Bronsted and Lewis acid sites on SFS-30 [35].
The pyridine-IR spectra of SFS-30 (Fig. 5(d)) exhibited bands at
1449 and 1609 cm-!, which demonstrated the existence of
Lewis acid sites in the materials. The bands at 1543 and 1639
cm-1 were those characteristic of the pyridinium ion, which
showed the presence of Bronsted acid sites. The band at 1490
cm-! was a combination between two separate bands, namely,
those at 1449 and 1543 cm-1, which corresponded to Bronsted
and Lewis acid sites, respectively. These indicated that both
Bronsted and Lewis acid sites existed in the sample. In addition,
the changes of Bronsted acidity and Lewis acidity were ob-
served from the Fig. 5(d), for desorption temperatures of 150,
250, 350, and 450 °C. Compared with Lewis acidity, the
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Fig. 5. Fe 2p (a) and S 2p (b) XPS spectra of SF and SFS-30; (c) Nz adsorption-desorption isotherms of SFS-30 and SFS-40; (d) The pyridine-IR spectra

of SFS-30.

Bronsted acidity was significantly reduced with increasing
temperature.

3.2. Influence of loading amounts of Fe203 on SBA-15

To understand the influence of loading Fe203 on the meso-
porous solid superacid, the catalytic performance of SFS-x (x =
10, 20, 25, 30, 35, 40, 45) in the alcoholysis was investigated. As
shown in Fig. 6(a), the activity of the catalyst increased as the
enhancement of Fe203 loading amount passed through a max-
imum at x = 30 and then declined. This implied that when x was
below 30, the surface active acid sites increased with the load-
ing of SF. However, when x was above 30, the excessive SF
probably caused a partial aggregation of catalyst, and hindered
the pore diffusion and decreased the catalytic activity. It indi-
cated that the increasing loading led to a sustained decrease of

Table 1
BET surface area, textural data and catalytic activities for bulk SF,
SFS-30 and SBA-15.

Catalytic activity

Sample Aper?(m?/g) Vb (cm3/g) De(nm) yield (%)

reaction time (min)
Bulk SF 6.57 0.02 11.33 99.5,45
SFS-30 263.78 0.38 6.95 100, 30
SBA-15 605.47 0.86 7.01 -

a Ager = BET surface area.  V, = Pore volume. ¢ D = Pore size.
dReaction conditions were same to Fig. 6(b).

the active surface area and mesopore volume, which had a sig-
nificant influence on the properties of the acid, as has been
previously reported [36].

3.3.  Comparison of catalytic activity

A comparison between the catalytic activity of SF and
SFS-30 was performed and the results are shown in Fig. 6(b)
and (c). When using 10.0 mg of SF catalyst, it was found that the
optimal molar ratio of styrene oxide to MeOH (93.6 mmol) was
1:7. As shown in Fig. 6(b), the reaction yield of 99.5% at 40 °C
required 45 min for SF. When using the SFS-30 catalyst, the
reaction easily achieved a yield of 100% after 30 min. Next, we
investigated the alcoholysis of styrene oxide with various other
alcohols with SFS-30. As illustrated in Fig. 6(c), it is worth men-
tioning that the alcoholysis yields of the SFS-30 catalyzed reac-
tions were 99.7% and 99.6% with EtOH and n-PrOH, respec-
tively. However, the yields of the same reactions when cata-
lyzed by SF were only 95.4% and 69.5%. Furthermore, the cat-
alytic activity of SFS-30 was higher than that of SF in the alco-
holysis of styrene oxide with n-BuOH, i-PrOH, i-BuOH and
s-BuOH. From these results, we can conclude that the catalytic
activity of SFS-30 was higher than that of bulk SF, which indi-
cated that the SF nanoparticles loading on the SBA-15 not only
enhanced the active surface area of the activity components
(Table 1), but also reduced the amounts of effective compo-
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reusability of SFS-30, catalyst (50.0 mg), styrene oxide (8.00 g, 66.5 mmol), MeOH (15.00 g, 468 mmol), 40 °C, 30 min.

nents. With the synergistic effect from the nano effect of SF
nanoparticles and the mesostructure of SBA-15, the reaction
time of catalyzed SFS-30 was one-third lower than that re-
quired when using bulk SF.

The catalytic performance of SFS-30 and several different
Bronsted acids for the alcoholysis is compared in Table 2. Simi-
lar to the non-catalyzed system, Fe;03/SBA-15 did not yield
any products. Obviously, the styrene-based sulfonic resins pre-
sented a lower yield with 12.2% conversion and 89% selectivi-
ty. H2SOs and p-toluenesulfonic acid exhibited good catalytic
properties close to those of SFS-30 with selectivities of 98.9%
and 98.8%, respectively. However, the two acids were dis-
solved in the reaction mixtures and were difficult to isolate and
reuse: alkaline materials must be used to neutralize the acids to
avoid a continuous increase of by-products
(1,2-dimethoxyl-1-phenylethane). As a result, large amounts of
salt and wastewater will be produced, which represents an
environmental issue. By contrast, SFS-30 exhibited an excellent
activity with 100% yield and an ease of separation. However,
Fe203/SBA-15 did not yield any products, which was attributed
to more Lewis acidity sites of SFS-30, which originated from the
cooperation of S;0s%” and Fe203 [37].

A comparison between the catalytic activity of our SFS-30

and that of other reported catalysts is listed in Table 3. SFS-30
presented the highest catalytic activity, even with the highest
substrate/catalyst (S/C) ratio of 160:1 and the lowest
MeOH/styrene oxide molar ratio of 7:1. It was also clear that
S2082--Fe203 showed a good catalytic performance in the reac-
tion (Fig. 6(b)). [VIV(TPP)(OTf)z] was the second highest cata-
lytic activity, but the high activity could only be obtained with
an S/C of 24:1 and a very high MeOH/styrene oxide molar ratio
0f 98.8:1. As a result, SFS-30 with the synergistic effect between
the nano effect of S$2082--Fe203 nanoparticles and the
mesostructure of SBA-15 exhibited the more highly efficient

Table 2
Catalytic performances of SFS-30 and several different Bronsted acids
for the alcoholysis of styrene oxide with MeOH.

Catalyst Conversion (%) Selectivity (%)
- 0 0
Fe203/SBA-15 0 0
S2082-Fe203/SBA-15 " 100 100
H2S04 99.5 98.9
p-toluenesulfonic acid 99 98.8
Styrene-based sulfonic resins 12.2 89

Reaction conditions: catalyst (10.0 mg), styrene oxide (1.60 g, 13.3
mmol), MeOH (3.00 g, 93.6 mmol), 40 °C, 45 min. “Reaction time was 30
min.
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Table 3
Comparison between the catalytic activity of SFS-30 and that of other
reported catalysts for the alcoholysis of styrene oxide with MeOH.

MeOH/Strene Substrate/ Yield
Catalyst oxide . Catalyst %) Ref.
molar ratio (S/0)

S2082-Fe203/SBA-15 7:1 160:1 100 This work
[VV(TPP)(OTf)2] 98.8:1 241 100  [37]
MS-SOsH 37:1 6:1 100 [38]
Fe(Cp)2BFa4 61.8:1 20:1 99 [39]
Fe(Cp)2PFs 61.8:1 20:1 99 [39]
ZrCls 61.8:1 20:1 98 [39]
(NH4)2Ce(NOs)s 61.8:1 20:1 91 [39]
FeCls 61.8:1 20:1 99 [39]
InCl3 61.8:1 20:1 81 [39]
[Fe(BTC)] 61.8:1 48:1 48 [40]
[Cus(BTC)2] 61.8:1 4.8:1 24 [40]
[ALz(BDC)3] 61.8:1 4.8:1 20 [40]
Iron citrate 61.8:1 4.8:1 24 [40]
Fez(NO3)2:9H20 61.8:1 2.4:1 97 [40]
Sulfated Zr-doped

[TiNbOs]- nan(?plates 4941 241 9 [41]
ZrO(NO3)2'nHz0 74:1 5:1 98 [42]

catalytic activity compared with other reported catalysts.
3.4. Catalyst reusability

Since the reusability is an important factor influencing the
practical applications of catalysts, we carried out a seven run
test over the SFS-30 solid superacid under the optimized reac-
tion conditions to evaluate the recyclability of the catalyst (Fig.
6(d)). The selectivity of alcoholysis remained at 100% in the
seven runs test over the SFS-30. Compared with the fresh cata-
lyst, a slow decline in the conversion was observed after seven
runs for the SFS-30 catalyzed alcoholysis reaction; however,
the yield still remained high at 84.1%. The reason for the de-
crease of the conversion after reuse was mainly the chemical
deactivation of SFS-30 arising from active phase shedding. This
result indicated that the SFS-30 exhibited a good stability and
can potentially be used in industrial applications.

4. Conclusions

Well-dispersed S20s2--Fe203/SBA-15 mesostructures with
active nanoparticles, prepared by ultrasonic adsorption, pre-
sent a larger specific surface area and larger mesopore volume
with surface acid sites than bulk S2082--Fe203. According to our
experimental results, S20s2--Fe203/SBA-15 with a 30% Fe203
loading exhibited the highest activity in the alcoholysis of sty-
rene oxide with MeOH compared with bulk S2082"-Fe203 and
other reported Bronsted acids, Lewis acids and other catalysts.
Furthermore, this mesoporous superacid also exhibited a more
excellent highly efficient catalysis for alcoholysis with other
ROHs (R = C2Hs-C4Ho) than bulk S2082--Fe203 and better reusa-
bility of  the catalyst. Therefore, mesoporous
S2082--Fe203/SBA-15 possessing highly efficient catalytic activ-
ities, good stability and economy shows great promise for in-

dustrial application.
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