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Hydroxyl-attached Sn species are highly dispersed on the surface of
mesoporous silica (SBA-15) by the grafting of dimethyldi-
chlorostannane followed by calcination to transform the methyl
groups into hydroxyl groups (S—Sn—OH). S—Sn—OH has both Lewis
and Brgnsted acidic sites, resulting in superior catalytic activities in the
acetalisation of glycerol.

Bronsted acid catalysts are of great significance in chemical
research and industrial processes.' Notably, homogeneous
Bronsted acid catalysts such as H,SO, and HCl are widely used,?
but they are difficult to separate and regenerate from the reac-
tion systems, making these processes costly and environmen-
tally unfriendly. Compared with homogeneous Brensted acid
catalysts, heterogeneous systems are preferred because of their
inherent advantages of easy separation and recyclability.**
However, the synthesis of highly active and stable heteroge-
neous Brensted acid catalysts is still a challenge.

Currently, the introduction of metal atoms into the solid
supports is regarded as a typical method to generate heteroge-
neous acids. One of the most well-known cases is the intro-
duction of Al atoms into silica, producing Bregnsted acid sites.®’
For example, microporous aluminosilicate zeolites, which
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contain highly dispersed Al atoms in the silica framework, are
typical Brensted acid catalysts and have been widely used in
many industrial processes. However, the small pores of zeolites
strongly limit their use in the conversion of bulky molecules.®
Therefore, great efforts have been devoted to synthesizing
mesoporous aluminosilicates,” but their weak acidity severely
hinders their wide application due to the amorphous nature of
the mesoporous walls. This phenomenon is due to the fact that
the Brensted acid sites of aluminosilicate originate from the
protons which are present to neutralize the negative charges of
the aluminosilicate walls (Scheme S1at). Besides Al atoms,
introducing Sn atoms into mesoporous silica would also
generate efficient solid acids, but their acidic sites are only
Lewis type (Scheme Sibf}), which cannot catalyze reactions
requiring Brensted acid sites.® Therefore, it is a challenge to
develop alternative Sn-based catalysts with Brensted acid sites.

In this work, we propose a simple strategy to create Brgnsted
acid site on Sn-decorated mesoporous materials. By calcination
of dimethyl-modified Sn on the surface of SBA-15 mesoporous
silica (S-Sn-Me), a hydroxyl-attached Sn species (S-Sn-OH) is
created (Fig. 1a), which has Brensted acid properties. Very
interestingly, catalytic tests in a model reaction of biomass
conversion, ie., acetalisation of glycerol with acetone to form
solketal (2,2-dimethyl-1,3-dioxolane-4-methanol) show that the
S-Sn-OH catalyst is very active, compared with conventional
Sn-based catalysts.

The S-Sn-OH sample with a Si: Sn molar ratio of 66 was
synthesized by the grafting of dimethyldichlorostannane onto
SBA-15, followed by calcination at 600 °C for 3 h. Fig. S1Af
shows the small-angle XRD patterns of the SBA-15, S-Sn-Me,
and S-Sn-OH samples. In the region 0.6-2°, all three samples
show three well-resolved peaks that could be indexed to the
(110), (200), and (211) reflections of hexagonal mesoporous
arrays (Fig. S1At), indicating that the hexagonal mesostructure
remains stable during the synthesis of S-Sn-OH.’ The nitrogen
sorption isotherms of S-Sn—-OH exhibit a typical type-IV curve,
with a hysteresis loop at relative pressure of 0.54-0.79
(Fig. S1Bf), indicating the typical mesoporous structure of
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Fig.1 (a) Scheme for the synthesis of S—=Sn—OH; (b) STEM image, and
(c) O, (d) Si, and (e) Sn EDS elemental maps of S—Sn—OH. The scale
bars in the images are 10, 8, 8, and 8 nm, respectively.

S-Sn-OH™ which could also be directly observed from the TEM
images (Fig. S21). The S-Sn-Me and S-Sn-OH samples have
relatively low surface areas of 635-677 m* g~ * and a pore size
distribution of 7.5 nm compared with the as-synthesized SBA-15
(930 m*> ¢ ' and 8.2 nm, Table S1t). This phenomenon might be
due to the presence of Sn species in the mesopores of SBA-15."*

Fig. S31 presents the energy dispersive X-ray (EDX) analyses
of S-Sn-OH, which show obvious signals associated with Sn
species. It is also worth noting that the Si : Sn ratios are very
similar in the randomly selected areas in S-Sn-OH. Interest-
ingly, peaks associated with metallic Sn or SnO, crystals were
undetectable in the wide angle XRD pattern of S-Sn-OH
(Fig. S47), and Sn species could not be directly observed even in
the high-resolution STEM images (Fig. 1b and S5aft). These
results suggest the extremely high dispersion of Sn species on
the surface of mesoporous silica. Furthermore, we performed
elemental mapping analysis of S-Sn-OH (Fig. 1b-e and S57),
from which highly dispersed Sn was directly observed in
different areas of S-Sn—-OH (Fig. 1e and S5df).

Fig. 2A shows the Sn 3d XPS spectra of S-Sn-Me and S-Sn-
OH, with the Sn 3ds, peak at 487.7 eV, which is obviously
higher than that of the SnO, crystals (485.8 eV). This phenom-
enon can reasonably be attributed to the high dispersion of Sn
species.” Fig. 2B shows UV-visible spectra of the various
Sn-based samples. The conventional Sn-SBA-15 shows a band at
220 nm, associated with typical Sn(OSi), species (Fig. 2B-c).
However, S-Sn-Me and S-Sn—-OH show bands at 250-255 nm
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Fig. 2 (A) Sn 3d XPS, (B) UV-visible, (C) *C NMR, and (D) *H NMR
spectra of (a) S-Sn—Me, (b) S—-Sn—-0OH, and (c) Sn—SBA-15.

(Fig. 2B-a and b). This phenomenon might be due to the pres-
ence of -Me or -OH groups on the Sn species, leading to a
change in the electron charge transfer for Sn species.” Fig. 2C
shows '*C spectra of S-Sn-Me and S-Sn-OH. As we expected,
S-Sn-Me exhibits an obvious signal at 8.3 ppm, which could be
assigned to -Me groups attached to Sn species (Fig. 2C-a). In
contrast, the signal at 8.3 ppm is absent in the spectrum of
S-Sn-OH (Fig. 2C-b), indicating the dispersion of the -Me
groups after the calcination. Fig. 2D shows "H NMR spectra of
S-Sn-Me and S-Sn-OH. Compared with S-Sn-Me, S-Sn-OH
shows additional signals at 0.3 and —1.7 ppm, which could
reasonably be assigned to the contribution from Sn-OH groups,
because the only difference between S-Sn-Me and S-Sn-OH is
the transformation of the -Me groups on the Sn species to -OH
groups.

Fig. 3 shows the IR spectra of pyridine adsorption on the
S-Sn-Me and S-Sn-OH samples. The bands at 1454 and
1615 cm ™', which are assigned to coordinatively bound pyridine

o
8
£
8
H
i 1zf90 !
1615 1454
1700 1600 1500 1400

Wavenumber (cm™)

Fig. 3 Pyridine adsorption IR spectra of (a) S—Sn—Me and (b) S—Sn—OH.
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on Lewis acid sites," exist in both S-Sn-Me and S-Sn-OH.
Compared with S-Sn-Me, the spectrum of S-Sn-OH shows an
additional band at 1531 cm™ ', which is characteristic of pyri-
dine adsorbed on Brgnsted acid sites."*'*> These results indicate
that S-Sn-Me contains only Lewis acid sites, while S-Sn-OH has
both Lewis and Brgnsted acid sites. Notably, the acidity of S-Sn-
OH is strongly dependent on the synthesis conditions. For
example, increasing the Sn content by changing the Si : Sn ratio
from 66 to 35, results in the formation of a Sn-based sample
(S-Sn-C1). In the pyridine adsorption IR spectrum, the S-Sn-C1
sample shows three bands at 1453, 1490, and 1613 cm *,
associated with characteristic vibrations of of pyridine adsorbed
on Lewis acids (Fig. S6a and Table S17). Fig. S71 shows the XRD
pattern of S-Sn-C1, with obvious peaks at 34.1 and 51.9°
associated with the (101) and (210) planes of SnO, crystals.
Fig. S8f shows the STEM image and Sn EDS elemental map of
S-Sn-C1, which provide direct observation of the SnO, crystals.
These results suggest that the aggregation of highly dispersed
Sn species (e.g. S-Sn-OH) into bulk SnO, crystals (e.g. S-Sn-C1)
would lead to the dispersion of Brensted acid sites, which might
be due to the loss of most of the Sn-OH groups on the bulk SnO,
crystals. Additionally, when the S-Sn-Me sample was calcined
at 800 °C (S-Sn-C2), no bands associated with adsorbed pyri-
dine were observed in the pyridine adsorption IR spectrum
(Fig. S6bt). The Si : Sn ratio in S-Sn-C2 was established to be
higher than 200 (Table S1}), indicating the loss of Sn species
during the calcination at 800 °C. This phenomenon might be
due to the fact that the SBA-15 support and the highly dispersed
Sn species are unstable at relatively high temperatures (800 °C).

Glycerol, a major by-product in the production of biodiesel, is
produced in large amounts every year. Recently, the conversion
of glycerol to more valuable products has been a hot topic. Here,
the acetalisation of glycerol with acetone (Fig. 4A) was employed
as a model reaction because of the high value of the solketal
product.'® Both Lewis and Brgnsted acid sites are active for the
acetalisation of glycerol with acetone, but the Bronsted acids are
reported to be more active than Lewis ones.'” Fig. 4B shows the
catalytic data over various acid catalysts; solketal selectivity is
higher than 98% in most cases. S-Sn-Me and conventional Sn—
SBA-15 catalysts, which are typical Lewis acids,'® show glycerol
conversions of 26.9 and 42.2%, respectively. Interestingly, S-Sn—
OH, with both Lewis and Brgnsted acid sites, exhibits a glycerol
conversion as high as 84.1%, which is very similar to that
(83.0%) of the homogeneous H,SO, catalyst. Notably, S-Sn-OH
gives a productivity of solketal of 663.7 mol h™' molg, *
(Fig. S9t), which is much higher than those over Sn-SBA-15
(249.0 mol h™* molg, "), S-Sn-Me (213.0 mol h™* molg, "), and
Al-SBA-15 (59.0 mol h™" mol, '). These results indicate the
superior catalytic activity of S-Sn-OH in the acetalisation of
glycerol. Considering that the difference between S-Sn-Me and
S-Sn-OH is only the presence of Bronsted acid sites, the higher
activity of S-Sn-OH than that of S-Sn-Me should be attributed to
the contribution of Bregnsted acids. The H-ZSM-5, H-USY, and
Al-SBA-15 catalysts, which are reported acid catalysts with both
Lewis and Brensted sites," exhibit glycerol conversions of 24.0,
39.2%, and 65.0%, respectively. These results are all lower than
that of S-Sn—-OH (84.1%), which might be because that the small
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Fig. 4 (A) Scheme for the acetalisation of glycerol with acetone to
produce solketal; (B) catalytic data over various catalysts. Reaction
conditions: 10 mmol of glycerol, 10 mmol of acetone, 4 g of t-BuOH, and
50 mg of solid catalyst or 6 mg of H,SO4, with the temperature of the oil
bath at 80 °C for 6 h; (C) recycling test of S—Sn—Me: the sample was
treated in air at 400 °C for 2 h after the 3™ use; (D) the acetalisation of
glycerol over S—Sn—Me in a fixed-bed reactor. Reaction conditions: 0.1 g
of S—Sn—OH catalyst, glycerol and acetone in t-BuOH solution (16.7 wt%
of glycerol, molar ratio of glycerol : acetone =1: 1), 80 °C, 0.2 ml min™.

pore size of H-ZSM-5 does not permit the acetalisation to occur
inside the pores; H-USY is an aluminium-rich zeolite with a
hydrophilic surface, which could keep the formed water inside
the pores, weakening the acid sites and inhibiting the acetali-
sation; the Al-SBA-15 catalyst has Al species in the amorphous
silica walls, leading to weak acidity.*”*

Fig. 4C shows the recyclability test of the S-Sn-OH catalyst.
Even after 4 cycles, S-Sn—-OH still gives a high conversion of
glycerol of 83.8%. Additionally, after separating the solid cata-
lyst from the reaction system, Sn content in the liquor was
undetectable, suggesting there is essentially no leaching of the
S-Sn-OH catalyst. More importantly, we tested the catalytic life
of S-Sn-OH in a continuous reaction system with a low
conversion of glycerol. As shown in Fig. 4D, the glycerol
conversion and solketal yield show no obvious decrease in
glycerol conversion (49.0-55.2%) and solketal selectivity (97.4—
99.0%) over a reaction period of 50 h. These results indicate the
high stability and good recyclability of S-Sn—OH for the acetal-
isation of glycerol with acetone, which offers a good opportunity
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for potentially wide applications of the S-Sn-OH catalyst in the
future.

The Sn catalysts were also used to catalyze the conversion of
fructose in ethanol (Scheme S2 and Table S2t), which could
produce different products depending on the nature of the
catalyst acidity.>»»**2%¢ For example, ethyl lactate would be
formed as major product over Lewis catalysts (Route 1 in
Scheme S27),** while HMF could be formed as the major
product over Brgnsted acids or Brensted and Lewis acids.
Further conversion of HMF leads to the formation of ethoxy-
methylfurfural and ethyl levulinate (Route 2 in Scheme S27).2*
Sn-SBA-15, S-Sn-Me, and S-Sn-OH catalysts give high fructose
conversion (82.3-100%), but their product selectivities are quite
different. Sn-SBA-15 and S-Sn-Me catalysts with Lewis acid
sites generate ethyl lactate as the major product (23.9 and
10.2%). However, S-Sn—-OH, with both Lewis and Brensted acid
sites, generates major products of ethyl levulinate and ethox-
ymethylfurfural. These results are explained by the fact that the
presence of Brgnsted acid sites on S-Sn-OH can effectively
catalyze the conversion of fructose through Route 2.

In summary, an alternative Sn catalyst with Brensted acid
sites (S-Sn-OH) was created by grafting hydroxyl-attached Sn
species onto the surface of SBA-15. The S-Sn-OH catalyst with
Bronsted acid sites shows outstanding performance in the
acetalisation of glycerol, a valuable reaction for the utilization of
biomass. The results reported here are highly significant since
Brgnsted acids play important roles in the fields of fuels and
energy. The strategy reported in this work will allow the devel-
opment of more novel Brgnsted acid catalysts in the future,
which is currently under investigation.
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