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Abstract

Lewis acid catalyzed isomerization of glucose to fructose is an important reaction for
production of renewable chemicals. Here, we show the synthesis of an active and selective Lewis acid
catalyst for this reaction by controlling Sn dispersion on SBA15. Sn loading of 1 wt. % over SBA15
(Sn/SBA15) maximized the formation of tetrahedral Sn species on the catalyst surface. Increasing the
loading or changing support caused formation of SnO; clusters which reduced fructose selectivity. A
mechanism based on condensation of Sn with silanol group of SBA15 is proposed. The catalyst
showed high selectivity of 93 % after 2 h with 57 % fructose yield. The Lewis acid catalyzed
isomerization of glucose was proven by isotopic tracer study using D-glucose-2-d. The catalyst
deactivated in the third cycle owing to byproduct deposition, but the activity was restored by

recalcining the catalyst.
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1. Introduction

Cellulose depolymerization to glucose and its subsequent isomerization to fructose is the
gateway to many industrially important chemicals [1-3]. Isomerization of glucose to fructose converts
the aldohexose sugar to its ketohexose form. The ketohexose fructose conforms to furanose ring
structure in a solution, which enables the synthesis of 5-hydroxymethyl furfural (5-HMF) [4], a
precursor for bio-based plastics [5,6]. Fructose is also the major component of high fructose corn syrup,
an industrial sweetener, derived from corn starch [7]. Therefore, the isomerization of glucose to the
less abundant fructose is an important reaction in food and chemical industries.

Industrial process for glucose isomerization utilizes immobilized xylose isomerase as a
catalyst [8]. This enzyme can selectively catalyze glucose isomerization to fructose. However, issues
associated with high processing cost, low lifetime of enzyme and requirement of a buffer to maintain
the pH of reaction medium increase the process cost.

Histidine groups present in the enzyme structure were initially thought to be the active sites
for glucose isomerization [9]. Later it was found that the metal center has an essential role in stabilizing
the acyclic glucose molecule and the subsequent isomerization reaction [10-12]. Since then, several
reports on base or Lewis acid catalyzed reactions have appeared for glucose isomerization

Base catalyzed isomerization of glucose proceeds via the Lorry de Bruyn-Alberda van

Ekenstein transformation of glucose initiated by proton abstraction at the C2 position [13]. Recently



our group reported a hydrotalcite catalyst containing basic sites that achieved 56 % yield of fructose
with 80% selectivity [14]. Use of ethanol as solvent shifted the equilibrium towards fructose in this
reaction. Other examples include SBA15 grafted with tertiary amine groups acting as base catalysts
that achieved 41 % fructose yield with 85 % selectivity [15]. Zhang et al. reported a series of
imidazolium and tertiary amine based ionic liquids that serve as base catalysts for this reaction [16].
Several other base catalysts have been reported for glucose to fructose reactions [17-21]. However,
the inadequate stability of these basic catalysts is still a hinderance for industrial application.

Corma et al. first showed that Sn-Beta zeolites with Lewis acid sites can do the Meerwein—
Ponndorf-Verley (MPV) reduction of carbonyl compounds via hydride shift from a neighboring
hydroxyl group to the carbonyl group [22]. Glucose to fructose isomerization over Lewis acid catalysts
can be explained by a similar mechanism where the C2 carbon donates a hydride ion to the C1
aldehyde group which leads to the formation of a ketone group at the C2 position [13]. Sn and Ti
incorporated porous materials have been reported to facilitate this reaction with high yield [13,23-26].
Sn-Beta catalyzes isomerization of glucose, xylose and dihydroxyacetone, whereas Sn-MFI only
catalyzes the isomerization of xylose and dihydroxyacetone. The larger pore size of Sn-Beta in
comparison to Sn-MFI facilitated diffusion of the relatively bulkier glucose molecule within its pores
[27]. Spectroscopic analysis has revealed that tetrahedral Sn open sites within the pores, containing
three Si-O-Sn bonds and one Sn-OH bond, are most active for isomerization reaction [26]. Sn-Beta
catalyst has received much attention over the years for this reaction. The reaction mechanism has been
confirmed with experimental data [13], and theoretical modelling has shown that 1,2-hydride shift is
the rate determining step [28]. However, practical application of this catalyst has been hindered owing
to the cumbersome method for synthesis of Sn-Beta zeolite and its deactivation.

Sn containing mesoporous materials such as Sn/SBA15 and Sn/MCMA41 are alternative to
zeolite-based catalysts. Lorenti et al. reported a series of Sn-SBA-15 materials for glucose to fructose
isomerization with 11.8 % glucose conversion and 84.5 % selectivity [29]. Apart from glucose
isomerization, Sn containing mesoporous silica catalysts have also found application in Bayer-Villiger

oxidation of adamantanone [30,31].



Sn on mesoporous supports can exhibit both Lewis acidity and basicity owing to the formation
of tetrahedral Sn-OH species and bulk SnO; respectively. Deval et al. showed that both these sites can
show activity for glucose isomerization in the presence of an organic solvent [26]. Although Lewis
acid sites show higher activity and selectivity towards the isomerization reaction, it is difficult to
control the formation of Lewis acid sites on mesoporous materials as the Sn particle easily agglomerate
to form SnO; species.

In this work, we explore the synthesis of highly active Sn based catalyst with tetrahedral
Lewis acid sites on mesoporous silica and other oxide supports and investigate the catalytic activity
for glucose isomerization in ethanol along with detailed characterization to correlate the formation of

active sites with fructose yield and selectivity.

2. Experimental

2.1 Materials

All materials and reagents used in this study are commercially available. Glucose and fructose
were purchased from Wako Chemicals. D-Glucose-2-d and SnCls-5H,0 were purchased from Sigma
Aldrich. Tetraethyl orthosilicate was bought from TCI Chemicals. H-Betal50 (Beta zeolite with
SiO2/Al>0s3 ratio of 150) and zirconia were obtained from Japan Reference Catalysts (JRC). Titania
(MC-150) was obtained from Ishihara Sangyo, Japan. y-Alumina was bought from Sigma Aldrich.
2.2 Catalyst preparation

SBA15 was prepared according to a method reported by Stucky et al. [32]. During synthesis,
450 mL of 1.6 M hydrochloric acid was added to 12 g of poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (P123) and stirred at room temperature until the P123 was
hydrolyzed. The solution was stirred rapidly at 35 °C and 25.5 g of tetraethyl orthosilicate was added
dropwise over a span of 30 minutes. The solution was kept standing at 35 °C for 24 h and further at
100 °C for another 24 h. The obtained solid was filtered and washed with water and ethanol until the
presence of chloride ions was not detected in the filtrate. The solid was dried at 110 °C overnight and
then calcined at 560 °C for 16 h to obtain SBA15.

Sn containing catalysts were prepared by impregnation method. Desired amount of



SnCl4.5H20, was dissolved in 5 mL of distilled water and then 500 mg of support was added to the
solution. The mixture was sonicated for 5 minutes and then stirred continuously with a glass rod over
a hot plate maintained at 110 °C until a powder was obtained. After further drying at 110 °C for 2 h,
the powder was calcined at 500 °C for 2 h.

2.3 Catalyst characterization

X-ray diffraction (XRD) was measured with Rigaku MiniFlex using CuKa X-ray (A = 1.54
A) operating at 40 kV and 20 mA. UV visible diffuse reflectance spectroscopy (UV-vis) measurement
was obtained using Jasco V-650 spectrophotometer, line width of light ray was kept at 1 nm and BaSO4
was used as reference. N, adsorption isotherms were measured at —196 °C using a Belsorp mini
analyzer. Surface area was calculated by using BET theory between the relative pressure range 0.05
to 0.35 in the Ny adsorption isotherm.[33] STEM image was obtained in a JEOL JEM-ARM200F
atomic resolution electron microscope at an acceleration voltage of 200 kV equipped with and EDS
detector EX-24221M1G5T. X-ray photoelectron spectroscopy (XPS) was performed with JEOL JPS-
9010MC instrument. Charge correction was made by adjusting the adventitious carbon peak to 286.4
eV. Pyridine IR spectrum was recorded in a Shimadzu IRSpirit instrument. The samples were pressed
into self-supported disks and placed in a quartz cell inside a high vacuum chamber with NaCl windows.
The sample was pretreated under high vacuum at 150 °C for 1 h, before recording any spectrum in
order to remove physisorbed moisture. Energy dispersive X-ray spectroscopy (EDX) analysis of
reaction solution was done with Shimadzu Edx — 720 instrument.
2.4 Catalytic experiments

Catalytic glucose isomerization was performed in a 15 mL high pressure glass tube. In a
typical reaction 90 mg glucose, 90 mg catalyst, 7 mL ethanol was taken in the high-pressure tube,
which was then heated at 90 °C in an oil bath, with magnetic stirring. After the reaction was complete
the mixture was centrifuged to separate the catalyst and the solution. Additionally, the catalyst was
washed with deionized water (2 ml x 3 times) to extract physically adsorbed reactant and product
species. The wash off water was mixed together with the reaction mixture and analyzed with a HPLC

system equipped with Shodex SH1011 sugar column. Conversion and yield were calculated with an



absolute calibration using the formulae:

i moles of glucose remaining
Conversion = x 100
moles of glucose taken

) moles of fructose formed
Fructose yield = x 100
moles of glucose taken

. fructose yield
Selectivity = ———— x 100

conversion

TOF — number of moles of fructose formed

number moles of metal X reaction time

The isotope tracer study was done using D-glucose-2-d as the reactant and adding sodium
acetate-ds as an internal standard after the isomerization reaction. The final reaction mixture was
analyzed by ?H nuclear magnetic resonance spectroscopy (NMR; JEOL, JNM- ECX600, 2H 92.1

MHz).

3. Results and discussion

3.1 Catalytic activity

Sn containing catalyst were prepared by impregnating Sn (1 wt. %) on supports such as
SBAI15, H-Betal50 zeolite, A380 silica, alumina, zirconia and titania. All catalysts were tested for
isomerization of glucose to fructose at 90 °C in the presence of ethanol as the solvent with a glucose
concentration of 1.6 wt. % (glucose to Sn ratio = 66). Ethanol was chosen as the solvent because it can
be easily obtained from renewable biomass and it shows high fructose selectivity among polar organic
solvents [14,34]. Sn/SBA15 showed the highest fructose selectivity of 98 % along with 38 %
conversion after 45 min of reaction (Fig. 1a). Sn/H-Betal50 showed slightly higher conversion (44 %)
than Sn/SBA15 with a lower selectivity of 89 %. Beta zeolites are known to exhibit Brgnsted acid
sites originating from the presence of Al atoms in the framework resulting in unwanted side reactions.
Asmall amount (less than 1 %) of 5-HMF was detected in this reaction which is formed by dehydration
of fructose over Brgnsted acid sites [35-39]. Formation of 5-HMF also results in humin production, a

polymer of 5-HMF and other products, which is likely to reduce the selectivity towards fructose in the



presence of Sn/HBetal50. Sn/A380 showed comparable selectivity towards fructose (90 %), although
the conversion was markedly lower (24 %). Sn/Zirconia showed no activity for fructose formation.
Titania and alumina based catalysts showed some activity ca. 64 % selectivity at 10 % conversion and
77 % selectivity at 16 % conversion, respectively. Overall, silica-based supports showed better activity
and selectivity than other oxide supports. In particular, SBA15 showed the highest selectivity with

comparatively high conversion.
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Fig. 1. Fructose selectivity and glucose conversion in the presence of (a)1 wt. % Sn catalyst using
different supports and (b) catalyst with different Sn loading over SBA15. Reaction conditions: 90 mg
glucose, 90 mg catalyst, 7 mL ethanol, 90 °C, 45 minutes.

Next, we investigated the role of Sn loading over SBA15. Increasing the Sn content to 3 wt. %
(3Sn/SBA15) reduced the selectivity to 89 % and also decreased the glucose conversion to 21 % (Fig.
1b). Further increase in Sn loading to 5 wt. % (5Sn/SBA15) did not enhance the fructose selectivity
(86 %). However, the glucose conversion increased to 47%. In this reaction, less than 1 % 5-HMF was
observed, however the reaction mixture turned slightly yellow indicating the formation of soluble
humins.

Based on the above results Sn/SBA15 with 1 wt. % Sn loading was chosen for optimization
of reaction condition. Fructose selectivity of 99 % was obtained in the initial stage of reaction (30
min), which reduced slightly to 93 % after 2h. (Fig. 2) Glucose conversion increased steadily to 62 %
until 2 h resulting in 57 % fructose yield. At this time the reaction reached equilibrium and further
prolonging the time to 3 h increased the fructose yield to 60 % along with a reduction in selectivity to

85 % owing to byproduct formation. Increasing the glucose concentration to 10 % w/w (glucose to Sn



ratio = 462) under the same reaction condition resulted in 34 % yield with 79 % selectivity for fructose
after 2 h of reaction. The turnover frequency in this reaction at 45 min was 53.6 x 10 s, (based on
molar content of Sn), which is higher than the previously reported value of 27.8 x 10 s* for Sn-Beta

catalyst in water [26].
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Fig. 2. Reaction time course using Sn/SBA15 catalyst (1 wt. % Sn). Reaction conditions: 90 mg
glucose, 90 mg catalyst, 7 mL ethanol, 90 °C.

3.2 Catalyst characterization

All catalysts were characterized to investigate the underlying factors responsible for change
in fructose selectivity and yield with the change in catalyst support and Sn loading. The XRD pattern
for 5Sn/SBA15 (Fig. 3), having the highest Sn loading, showed characteristic peaks for cassiterite
SnO; (PDF card number 01-077-0449). The crystallite size for SnO, was calculated as 13.7 nm
suggesting formation of large SnO; particles, which might contribute towards the poor selectivity for
this catalyst. In case of 3Sn/SBA15 only the prominent peaks at 26 value of 26.6, 33.8, 37.9 and 51.7
degrees were observed. The crystallite size was determined as 3.7 nm, which suggested formation of
smaller SnO; particles at lower loading. The XRD pattern for Sn/SBA15 was exactly similar to
unsupported SBA15 and no peaks for SnO, were observed. This indicates that reducing the amount of
Sn species on the surface increased the Sn dispersion and reduced the formation of SnO; clusters. It is
reported that the SnO, phase does not exhibit the Lewis acid sites required for glucose isomerization

and formation of tetrahedral Sn species is needed to achieve high activity. SnO, peaks were not



observed on other support as well when the Sn loading was 1% (Fig. S1) suggesting high dispersion

of Sn species at low loading irrespective of the type of support used.

5Sn/SBA15
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—— 1Sn/SBA15
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Fig. 3. XRD pattern of Sn/SBA15 catalysts with different Sn loading

UV-Visible spectroscopy of Sn catalysts on silica-based supports was performed in the
diffuse reflectance mode to further elucidate the nature of Sn species on the catalyst (Fig. 4). The
region below 210 nm in the spectrum is a result of reflectance from the tetrahedrally coordinated Sn
species responsible for high activity.[26] Reflectance in this region was 33 % for Sn/SBA15, 31% for
3Sn/SBAL15 and 27 % for 5Sn/SBA15 indicating that all catalysts contained Sn species with tetrahedral
coordination. The region close to 280 nm can be assigned to hexacoordinated Sn species present within
the SnO; crystal. Furthermore, the reflectance close to 250 nm is a result of LMCT charge transfer due
to interaction of tetrahedrally coordinated Sn species with other basic oxygen and nitrogen containing
compounds. Reflectance around 280 nm for Sn/SBA15 was close to baseline, whereas 52% reflectance
was observed in case of 3Sn/SBA15 and 43 % in case of 5Sn/SBA15, indicating formation of inactive
hexacoordinated Sn species with an increase in Sn loading. Reflectance around 250 nm for Sn/SBA15
was attributed to interaction of tetrahedrally coordinated Sn species with physisorbed water within the
pores of SBA15. Similarly, for 3Sn/SBAL5 and 5Sn/SBALS5, reflectance in this region was assigned
to interaction of tetrahedrally coordinated Sn species with physisorbed water and nearby basic SnO,
species. However, in this case some contribution from blue shifting of ~280 nm band to ~250 nm due

to small particle size of the SnO; is also likely [40-43].
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Fig. 4. DRUV-VIS spectra of Sn/SBA15 with different metal content

The effect of different silica support with the same Sn loading on Sn species are compared in
Fig. 5. The reflectance owing to tetrahedrally coordinated Sn centers in Sn/A380 catalyst was similar
to that of Sn/SBA15, 37% and 33% respectively. However, Sn/A380 also showed reflectance in the
280 nm and 250 nm region, which was attributed to the lower surface area of A380 silica gel (300 m?
gl) in comparison to SBA15 (850 m? g*) (Table S1), resulting in poorer dispersion of Sn species at
similar metal loading. The Sn/HBetal50 catalyst showed moderate reflectance in the 210 nm region.
Reflectance in the 280 nm and 250 nm regions were also observed, which were attributed to formation

of small SnO- clusters within the micropores of zeolite.
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Fig. 5. comparison of DRUV-VIS spectra of silica supports containing 1 wt % Sn

These results show that the selective formation of tetrahedral Sn species on Sn/SBA15
catalyst was associated with its high selectivity towards fructose formation. We propose that the
formation of tetrahedral Sn sites is correlated with the abundance of hydroxyl groups on the catalyst
surface. The hydroxyl groups on silica surface can undergo condensation to form Si-O-Sn bonds under
the acidic condition during catalyst preparation as shown in Scheme 1 [44]. SBA15 has higher
abundance of surface hydroxyl groups in comparison to HBetal50 and A380 (Fig. S4). The large
number of -OH present in SBA15 would facilitate high dispersion of Sn. Large pores of SBA15 would

also prevent formation of tetrahedral closed Sn sites that are not active for this reaction.
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Tetrahedral Close sites

Scheme 1. Pathway for the formation of tetrahedral Sn sites the surface of SBA15. The -OH groups
in red color are the surface hydroxyl groups (silanol) of SBA15.

Fig. S2 shows the XPS spectra of the O1s region for silica supported Sn catalysts samples.
The prominent peak for oxygen atoms at 533.2 eV was assigned to the oxygen in Si-O-Si
framework.[45] Another peak at 534.5 eV was observed that was assigned to oxygen in the surface
hydroxyl groups. A small peak was observed near 531 eV for all silica containing supports. This peak
was attributed to the formation of Si-O-M (M = metal) bond [46-49]. For Sn/HBetal50 this peak was
prominent owing to the presence of Si-O-Al bonds in the zeolite framework. For Sn catalysts with
SBAI5 as support this peak appeared at 531.4 eV. In case of Sn/SBAL5, the ratio of peak area for
oxygen from Si-OH and Si-O-Sn bonds was 4.8: 1. Whereas for 3 wt % Sn/SBA15 the same ratio was

4.7: 1 suggesting similar density of Si-O-Sn bonds despite higher loading. Therefore, we concluded

11



that the formation of tetrahedral Sn species on the surface of catalyst is limited by the extent of surface
hydroxyl groups present.

Finally, we performed high resolution microscopy of Sn/SBA15 to observe presence of Sn
species. HR-TEM did not resolve any visible Sn particles on the SBA15 surface (Fig. S3). STEM
image of Sn/SBA15 (Fig. 6) revealed small contrasting dots of size less than 0.3 nm presumed to be
small Sn clusters or atomically dispersed Sn species. Elemental mapping of Si and Sn showed uniform
distribution of Sn over the SBA15 surface which further concluded that highly dispersed Sn species

present in tetrahedral geometry were the active sites. The corresponding EDS spectra for this region

is shown in Fig. S6.

c——————— 10 nm SnL
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Fig. 6. a) STEM image of Sn/SBAL5, circles highlight the particles presumed to the Sn species. b)
STEM image of area of Sn/SBA15 used for elemental mapping. c) and d) elemental mapping of Si
and Sn, respectively.

Pyridine was used as basic probe molecule, monitored by FTIR spectroscopy, to study the
nature and strength of acid sites present in the catalysts. Sn/SBA15 showed a strong band at 1452 cm-
L (Fig. 7a), which corresponds to interaction of basic pyridine molecule with Lewis acidic Sn centres
[50-52]. The band at 1491 cm can be ascribed to presence of both Lewis and Brgnsted acidic centres.
The silanol groups of SBA15 supports can act as weak Bragnsted sites and contribute towards this peak.
3Sn/SBAL15 and 5Sn/SBA15 catalysts also showed similar bands. However, the relative intensity for
band at 1452 cm™ for these catalysts was lower than that for Sn/SBA15 catalyst after desorption at
150 °C. Therefore, the strength of Lewis acid sites decreased with increasing Sn loading, which
correlates with their catalytic performance. The spectra for Sn/HBetal50 catalyst exhibited both strong
Bransted acidity and Lewis acidity (the intense bands at 1491 cm™ and 1546 cm™) as expected.
Strength of Lewis acid sites in Sn/HBetal50 was similar to Sn/SBA15 as evidenced from similar peak

intensity after 25 min evacuation under 0.03 torr pressure and desorption at 150 °C.
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Fig. 7. IR spectra of adsorbed pyridine species over different catalysts. a) Sn/SBA15, b) 3Sn/SBA15,
¢) 5Sn/SBAI5. Intensity of all the spectra are subtracted from that of corresponding samples before
adsorption. The spectra were recorded at saturation adsorption condition (Adsa), after 25 min of
evacuation at 0.03 torr (Vaczs min) and after desorption at various temperatures.

3.3 Isotopic labelling study

The presence of highly dispersed tetrahedral Sn sites would promote the glucose

isomerization to proceed through the intramolecular hydride transfer mechanism, in which the proton
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attached to the C2 carbon is transferred to the C1 atom (Scheme 2). In order to ascertain whether the
glucose isomerization over Sn/SBA15 catalyst occurs via this mechanism, we performed an isotopic
tracer study. D-glucose-2-d was used as the reactant instead of normal D-glucose and 2H NMR
spectroscopy of the product mixture was performed to detect the presence of deuterium (Fig. 8). The
2H NMR spectrum of D-glucose-2-d standard showed two peaks centered at 3.49 and 3.27 ppm
corresponding to ?H at C2 position of the a and B anomers of glucose. After reaction, a new peak at
3.65 ppm corresponding to 2H at C1 position of fructose appeared [14]. The presence of this peak
confirmed the hydride transfer from C2 to C1 position, leading to the conclusion that glucose

isomerization progressed through the Lewis acid catalyzed pathway over tetrahedral Sn sites.
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Scheme 2. Mechanism showing hydride transfer from C2 carbon of glucose to C1 carbon in fructose
during isomerization over Lewis acidic Sn sites.
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Fig. 8. 2H NMR spectrum of reaction mixture, where D-glucose-2-d is taken as reactant. The reaction
mixture is diluted with water and sodium acetate-ds was used as internal standard. The spectrum for
D-glucose-2-d is also shown for reference. Reaction conditions: D-glucose-2-d 10 mg, Sn/SBA15 10

mg, 2mL ethanol 90 °C temperature, 2 h reaction time.
3.4 Recyclability study

Finally, we tested the reusability of Sn/SBA15 catalyst for glucose isomerization (Fig. 9). The
recyclability test was done at 30 min of reaction time to keep the conversion below equilibrium. After
each run the catalyst was washed with fresh ethanol and reused. The selectivity of fructose in the
second cycle was the same as that for the fresh catalyst (99 %), although the glucose conversion
dropped from 32% to 29%. In the third cycle the selectivity dropped to 78 % indicating deactivation
of the catalyst. Deposition of small amount of humin might be attributed to the poor activity of catalyst.
The catalyst was calcined again at 500 °C for 2 h after the third cycle, which regenerated the catalyst
and the selectivity increased to 91 % with 32 % glucose conversion. To investigate weather Sn species
leached into the reaction mixture, we carried out a reaction with Sn/SBA15 catalyst for 15 minutes,
which produced 11 % fructose with 12 % glucose conversion. Then the catalyst was filtered and the
filtrate was allowed to react further. No change was observed in either the glucose conversion or the
fructose yield under this condition. Furthermore, Sn species were not detected in the EDX analysis of

the reaction mixture. These results confirmed that leaching of Sn did not occur and the isomerization

15



reaction was heterogeneously catalyzed.

100 Il conversion [l Selectivity
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Fig. 9. Recyclability test of 1 wt. % Sn/SBA15. Reaction conditions: 90 mg glucose, 90 mg catalyst,
7 mL ethanol, 90 °C, 30 minutes.

4. Conclusion

We explored the formation of Lewis acidic tetrahedral Sn sites on the surface of oxides for
isomerization of glucose to fructose. Silica based supports performed better than other oxides in
catalytic isomerization when loaded with 1 wt. % Sn. Diffused reflectance UV-vis analysis showed a
preference for formation of tetrahedral Sn sites instead of hexacoordinated SnO, over SBAL15 support,
which showed the best selectivity for fructose. The activity of SBA15 was attributed to the formation
of Si-O-Sn bonds owing to high -OH density over SBA15. Increasing Sn loading beyond 1 wt. % over
SBAI15 also caused SnO, formation, which reduced selectivity. Ols XPS spectra for catalysts
confirmed that increasing loading of Sn does not cause formation of new Si-O-Sn bonds, which is
required for increasing number of tetrahedral Sn sites. Sn/SBA15 (1 wt. % Sn) showed high selectivity
of 93 % with 57 % fructose yield after 2 h of reaction in the presence of ethanol. The reaction
mechanism was confirmed to proceed through a 1,2-hydride shift by tracing the ?H isotope in D-
glucose-2-d, which indicated the Lewis acidic tetrahedral Sn sites as active sites in the reaction. The
catalyst showed a decrease in activity after three cycles but removal of deposited organic compounds

by calcination restored the activity.
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