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Abstract—The control of acidic properties in a catalyst is one of the key features of technology utilizing biomass for
chemical production. In this study, the Bronsted and Lewis bi-acidic SnAl-beta zeolites with controllable acidity were
successfully prepared by acid dealumination and isomorphic substitution of Al by Sn, and applied for the cascade con-
version of glucose to 5-hydroxymethylfurfural (5-HMEF). The Lewis acidity of the catalysts was increased as the higher
concentration of nitric acid used for the dealumination process. The optimum portion of Lewis/(Bronsted+Lewis) ratio
was investigated to maximize the yield of 5-HME which is converted from the glucose via fructose by the cascade reac-
tion. The conversion of glucose was increased until the L/(B+L) ratio reached 0.89 and the selectivity to 5-HMF
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reached its maximum at the Lewis acid portion of 0.76 among the total acid sites.

Keywords: Beta Zeolite, Glucose Conversion, Cascade Reaction, 5-Hydroxymethylfurfural, Bi-acidic Catalysts

INTRODUCTION

Biomass-derived carbohydrates are potential raw materials of
chemical industry alternative to the fossil fuels, which are responsi-
ble for carbon dioxide emission. Carbohydrates are the most abun-
dant component (ca. 75%) in biomass and their use as chemical
feedstocks is carbon neutral because they originate from carbon
dioxide and water through photosynthesis. There have been numer-
ous trials to utilize carbohydrates as a chemical feedstock, e.g., eth-
ylene glycol, propylene glycol, acrylates, and furan derivatives [1,2].
Among the various carbohydrates, glucose is the most abundant
and inexpensive starting material for the production of a variety of

platform chemicals, such as 5-hydroxymethylfurfural (5-HMF), sor-
bitol, gluconic acid, succinic acid, levulinic acid, and butanediol [3-
6]. 5-HME a kind of furan derivative obtained from glucose or
fructose, is a representative chemical building block that is utilized
for the replacement of formaldehyde in resins, adhesives, and coat-
ings, for the precursor of furan-2,5-dicarboxylic acid (FDCA) and
its polymer (polyethylene furanoate, PEF), and for the active natu-
ral ingredient in nutraceuticals and dietary foods [7].

Glucose conversion to 5-HMF proceeds via a two-step cascade
reaction, involving isomerization of glucose to fructose over Lewis
acid catalysts and dehydration of fructose to 5-HMF over Bron-
sted acids, is shown in Scheme 1. Up to now, many types of cata-
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Scheme 1. Cascade conversion of glucose to 5-HMF over Bronsted and Lewis acid catalysts.
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lysts, e.g., metal oxides, zeolites, mesoporous silica, and heteropoly
acid having bi-acidic properties, were employed for the conversion
of glucose to 5-HMF [8]. In the cascade conversion of glucose to
5-HME, the balance between Lewis and Bronsted acid in the cata-
lyst is important to avoid undesired side reactions (e.g., the forma-
tion of levulinic and formic acids by 5-HMF hydration). Zhang et
al. employed the ZrO, catalyst with balanced Lewis and Bronsted
acid sites by optimizing calcination temperature, and reported 5-
HMF yield of 40% [9]. Yan and co-workers impregnated SO~ ion
on ZrO,-ALO; to increase the acidity of catalysts and obtained opti-
mized 5-HMF yield of 48% [10]. Chung et al. reported high yield
(50%) of 5-HMF over bi-functional Cu-Cr/ZSM-5 zeolite catalyst
(framework type MFI) due to the increase of acidity by metal ion
addition [11]. Swift et al. showed that the higher Lewis/Bronsted
ratio was beneficial for the formation of 5-HMF when using H-
beta (*BEA) zeolite catalysts [12]. On the other hand, Hu and co-
workers compared the catalytic activity of various zeolites with dif-
ferent framework types (ie., FAU, MOR, MF], and *BEA) and found
the highest 5-HMF vyield (50%) of H-beta zeolite over other struc-
tures [13]. In addition, a tin (Sn)-containing mesoporous silica (Sn-
MCM-41) was synthesized as the bi-functional heterogeneous cat-
alyst for the conversion of glucose and the 5-HMF yield reached
up to 70% at 110 °C [14].

Zeolite beta is one of the most complex materials which is com-
posed by the intergrowth of different polymorphs, ie., polymorphs
A, B, and C [15]. Up to now; a variety of catalytic applications have
been successful due to the 3-dimensionally interconnected large
pore networks and strong acidity of this zeolite. Furthermore, the
high density of defects originating from the intergrowth of differ-
ent polymorphs are advantageous for the generation of Lewis acid
sites, which is favorable for the conversion of carbohydrates [16,17].
Tatsumi et al. reported the effective generation of Lewis acid sits
on low silica beta zeolite by high temperature calcination [17,18].
Since the first trial of Sn-beta zeolite for glucose conversion by
Davis et al, numerous studies have followed on the synthesis and
application of these stannosilicate zeolites [19,20]. Beside the bot-
tom-up hydrothermal synthesis of Sn-beta, various post-synthetic
routes, including the acid dealumination of beta zeolite and subse-
quent Sn grafting through the solution mediated implantation, vapor
phase, and solid-state implantation, were developed [21-24].

In the present study, Bronsted and Lewis bi-acidic SnAl-beta
zeolites were successfully synthesized using the simple top-down
isomorphic substitution of Sn on the dealuminated H-beta zeolite.
The ratio of Bronsted acid/Lewis acid was finely regulated by em-
ploying different acid dealumination conditions (i.e., acid concen-
tration and treatment time). The relative ratio of Bronsted and Lewis
acid concentrations on the catalysts was characterized by infrared
(IR) spectroscopy with adsorbed pyridine and correlated with the
selectivity to fructose, 5-HME and levulinic+formic acids during
the cascade conversion of glucose.

EXPERIMENTAL
1. Catalyst Preparation
H-beta was obtained by the calcination of commercial NH,-

beta (Zeolyst CP 814E, SiO,/Al,0,=25) at 550 °C for 2h. Dealu-
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minated H-beta zeolites with varying Si/Al ratios were obtained by
aluminum leaching with nitric acid aqueous solutions with differ-
ent molarity (1-13 M) and treatment time (1-24 h). Generally; 1.0g
zeolite powder was immersed into the 20 ml nitric acid aqueous
solution and refluxed at 100 °C for different periods. The treated
sample was recovered by filtration with deionized (DI) water until
the pH of the filtrate was ca. 7.0, and dried at 60 °C overnight. Finally,
the sample was calcined at 550 °C for 4h under flowing air. The
dealuminated beta zeolite samples were denoted as deAl-beta-x;),
where x and y are the molarity of acid concentration and treat-
ment time, respectively.

Sn-containing deAl-beta zeolites with different Sn content were
prepared by isomorphic substitution of Sn into the deAl-beta zeo-
lites. Generally; 1.0 g deAl-beta zeolite was immersed in the 100 ml
isopropyl alcohol containing 27 mmol SnCl,-5H,0 and refluxed at
80 °C for 6 h under N, atmosphere. The treated sample was recov-
ered by filtration with excess isopropyl alcohol and dried at 60 °C
overnight. The sample was finally calcined at 200 °C for 6h and
consecutively 550 °C for 6 h with ramping rate of 3°C min™' under
flowing air. The Sn incorporated beta zeolites were denoted as SnAl-
beta-x,), where x and y are the molarity of acid concentration and
treatment time, respectively.

2. Characterization

The crystallinity of catalysts was determined by powder X-ray
diffraction (XRD) using a Rigaku SmartLab X-ray diffractometer
with Cu-Ka radiation in the 26 range of 3-50° (scan rate=4" min™").
The relative crystallinity of the deAl- and SnAl-beta zeolites was
determined by comparing the areas of the intense X-ray peak around
26=22.5°, corresponding to the (302) reflection of the *BEA struc-
ture, with that of H-beta. Elemental analysis for Al, Si, and Sn was
carried out on a PerkinElmer OPTIMA 7300DV inductively cou-
pled plasma spectrometer. The textural property of catalysts was
measured by N, sorption experiments on a Micromeritics Tristar
IT analyzer. UV-diftuse reflectance spectroscopy (DRS) was meas-
ured on a Shimadzu UV-2600 UV-Vis spectrophotometer. The UV
absorption spectra were plotted using the Kubelka-Munk func-
tion. X-ray photoelectron spectroscopy (XPS) was performed on a
PHI 5000 Versa Probe IT with Al-K radiation (hv=1,486.6 €V).

The acidic property of the solid samples was determined by IR
spectroscopy using pyridine as a probe molecule. Pyridine adsorp-
tion-desorption measurements were carried out on self-support-
ing zeolite wafers of approximately 12 mg with 1.3 cm diameter
activated under vacuum at 550 °C for 2h inside a home-built IR
cell with ZnSe windows. Prior to the adsorption of pyridine, the
IR spectrum of hydroxyl region was recorded at 100 °C. Then, the
sample was heated to 100 °C and saturated with excess pyridine
(~1KkPa) for 0.5h and subsequently purged with flowing N, (100 ml
min™') for 1h. The IR spectra were recorded on a Nicolet 6700
FT-IR spectrometer at 200 °C. The concentrations of Bronsted and
Lewis acid sites were calculated from the intensity of the IR bands
around 1,550 and 1,450 cm™', respectively, by using the extinction
coefficients given by Emeis [25].

3. Catalysis

Catalysis was carried out with reference to the reaction condi-
tions in the literature for the same reaction using a water solvent
[26]. The glucose conversion was conducted in a 23 ml Teflon-lined
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stainless autoclave reactor containing 1g glucose, 10g DI water,
and 0.1 g catalyst at 160 °C and 100 rpm for 1-24 h under autoge-
nous pressure. After a certain reaction time, the autoclave was rap-
idly cooled to room temperature. All the reaction products were
syringe-filtered and diluted with DI water to analyze with high
performance liquid chromatograph (Youngin Chromass Y9100
plus) equipped with refractive index and UV (280 nm) detectors
and an Agilent Hi-Plex H column (300x7.7 mm). The mobile phase
was 5 mM H,SO, aqueous solution and the flow rate was 0.6 ml
min " at a column temperature of 65 °C. All reactions were repeated
twice or more to confirm the reproducibility. For comparison, some
blank tests, i.e., a reaction under an aqueous solvent without a cat-
alyst and a reaction under the 0.01 mM SnCl, aqueous solution,
were also performed under the same reaction conditions. In addi-
tion, after 6 h of reaction, the used catalyst was recovered by filtra-
tion, washed repeatedly with excess water, and calcined at 550 °C
for 61 and then employed for the reusability test. The glucose con-
version and the products selectivity were determined as follows.

Glucose conversion (%)
=(moles of reacted glucose/initial moles of glucose)x100
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Product selectivity (%)
=(moles of product/moles of reacted glucose)x100

RESULTS AND DISCUSSION

1. Physicochemical Properties of Catalysts

Fig. 1 shows the powder XRD patterns of deAl-beta and SnAl-
beta zeolites prepared under the different concentration of nitric acid.
Although there are some changes in the crystallinity of zeolites, all
the samples exhibit X-ray diffraction peaks of (101) and (302),
which are the characteristic peaks of *BEA structure in spite of the
acid dealumination with different acid concentration. As shown in
Table 1, the relative crystallinity of the deAl-beta-7-24 was not reduced
while that of SnAl-beta zeolites was decreased to 60-83% with
respect to H-beta. It is interesting that a careful look at the XRD
pattern of deAl-beta-7-24 shows a shift in the (302) peak toward
the higher 26 range compare to that of H-beta. This shift (A=
0.04°) indicates the contraction of the zeolite unit cell upon dealu-
mination [27]. On the other hand, the (302) peak shift toward the
lower 26 range as the substituted amount of Sn increases, which is
the evidence of unit cell expansion. This can be rationalized by the
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Fig. 1. (A) Powder XRD patterns of (a) H-beta, (b) deAl-beta-7-24, (c) SnAl-beta-1-24, (d) SnAl-beta-3-24, (e) SnAl-beta-7-24, and (f) SnAl-
beta-13-24 and (B) each zoomed on the 28 range of the (302) peak.

Table 1. Physicochemical properties of zeolite catalysts prepared in this study

Catalyst Crystallinity ¢ o gyar BET surface __ Adid concentration (ol g”) L/(B+L)
(%) area (m" g ) Bronsted Lewis
H-beta 100 125 - 570 268 129 032
deAl-beta-7-24 100 864 - 510 5 36 0.8
SnAl-beta-1-24 83 256 1.9 500 3 46 0.59
SnAl-beta-3-24 66 263 29 490 16 52 076
SnAl-beta-7-24 60 623 49 530 8 65 0.89
SnAl-beta-13-24 65 1,418 213 440 8 85 091

“Determined by powder XRD

*Determined by elemental analysis, unless otherwise stated
‘From the supplier’s information

“Calculated from N, adsorption data

‘Determined by the IR spectroscopy with pyridine adsorption
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larger covalent radius of Sn (1.41 A) than Al (1.18 A). Further-
more, the X-ray peaks for the SnO, phase at 26=26.7° (110), 34.0°
(101), and 37.8° (200) were not observed over the SnAl-beta zeo-
lites even after the final air calcination step in their preparation
[20,22], indicating most of Sn atoms incorporated well into the
zeolite framework.

Table 1 summarizes the physicochemical properties of zeolite
samples prepared in this study. It can be seen that the Si/Al ratios
of deAl-beta and SnAl-beta were increased with higher molarity
of nitric acid used in the acid dealumination process. For exam-
ple, when 13 M nitric acid was used for dealumination of H-beta
for 24 h, most of the Al was extracted from the zeolite framework
resulting in the higher Si/Al ratio than 1400. On the other hand,
the Sn/Al ratios of SnAl-beta zeolites were increased as the higher
concentration of nitric acid used for dealumination, because the
isomorphic substitution of Sn starts from the defect sites on dealu-
minated sites, such as silanol nest [28]. Although the BET surface
areas of deAl-beta and SnAl-beta were reduced compared to that
(570m’ g') of H-beta zeolite after acid dealumination, they still
retained high surface areas higher than 440 m* g ', indicating the
remarkable stability of *BEA structure. Roberge and coworkers
reported that the structure of commercial beta zeolite is resistant
to the attack of nitric acid with concentrations up to 6 M with
only minor structural collapse [29]. Also, acid leaching with nitric
acid concentrations higher than 1M selectively removes frame-
work aluminium, especially located near to structural defects and
on the external surface regions. In addition, acid leaching with lower
concentration than 1 M hydrochloric acid mainly extracts the extra
framework aluminum which is not suitable for the isomorphic sub-
stitution of metals. Thus, all the SnAl-beta zeolites prepared in this
study may have framework Sn species. However, the Si/Sn ratios

Kubelka-Munk

200 300 400 500
Wavelength (nm)
Fig. 2. UV-DRS spectra of (a) H-beta, (b) deAl-beta-7-24, (c) SnAl-

beta-1-24, (d) SnAl-beta-3-24, (e¢) SnAl-beta-7-24, and (f)
SnAl-beta-13-24.
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(67-135) of all the SnAl-beta zeolites were considerably higher than
12.5, indicating that Sn was grafted only to some dealuminated sites.

The presence of framework Sn species was further confirmed
by UV-DRS technique shown in Fig. 2. For the H-beta, there were
only weak UV absorption bands for Al components at 230-240
nm and 270-280 nm, which are corresponding to tetrahedral and
octahedral Al sites, respectively [30]. Since such Al bands were not
observed in the deAl-beta-7-24 sample, it can be also confirmed
that dealumination by acid treatment occurred efficiently. On the
other hand, the UV absorption bands centered at around 219, 250,
and 265nm can be assigned to tetrahedrally-coordinated frame-
work Sn sites, small SnO, domains, and bulk SnO, particles, respec-
tively [31]. The intensity of both tetrahedrally-coordinated Sn and
SnO, particles for SnAl-beta zeolites was increased as the higher
concentration of nitric acid used for dealumination, ie., with the
higher Sn/Al ratios (Table 1). Although, the higher the Sn content,
the higher the UV absorption bands were observed at 250 and
265 nm, these SnO, particles were not additionally observed from
their XRD analysis as described above (Fig. 1).

Fig. 3 shows the Sn 3d XPS results for the H-beta, deAl-beta-7-
24, and the four SnAl-beta zeolites prepared in this study. Unlike
the H-beta and deAl-beta-7-24, all the four Sn treated zeolites
showed two types of XPS spectra, i, Sn 3ds, and Sn 3ds, [22,32].
Here, the discussion is based on Sn 3d;,, because Sn 3d,, shows
the almost the same trend as all the catalysts. The Sn 3d,, XPS
spectra can be classified into three types according to their bind-
ing energy; i.e., ca. 484.5, 486.5, and 487.5 eV for the metallic Sn’,
SnO,, and tetrahedral Sn species in the zeolite framework, respec-
tively [22,32]. As shown in Fig. 3, only the tetrahedral Sn species
was detected for all the SnAl-beta zeolites, which also indicates
most of the Sn incorporated well into the zeolite framework.

It is well known that the tetrahedral Al residing in zeolite frame-
work acts as the Bronsted acid, and the dealumination by acid
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Fig.3.Sn 3d XPS spectra of (a) H-beta, (b) deAl-beta-7-24, (c)
SnAl-beta-1-24, (d) SnAl-beta-3-24, (e) SnAl-beta-7-24, and
(f) SnAl-beta-13-24.
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Fig. 4. IR spectra in the 3,200-4,000 cm™”’ region of (a) H-beta, (b)
deAl-beta-7-24, (c) SnAl-beta-1-24, (d) SnAl-beta-3-24, (e)
SnAl-beta-7-24, and (f) SnAl-beta-13-24.

leaching and the incorporation of Sn generally modify the acidic
properties of zeolite catalysts [19,20]. As a result of acid dealumi-
nation, the concentration of Bronsted acid (Si-OH-Al) sites in zeo-
lite was decreased as the Al broke away from the framework. This
can be demonstrated by the reduction of 3,600 cm™" band (Si-OH-
Al) in the IR spectra of deAl-beta and SnAl-beta zeolites shown in
Fig. 4 [33]. Also, the intensity of the band around 3,730 cm™, which
is corresponding to the OH stretching vibrations of silanols (Si-
OH), was reduced as the amount of framework Sn increased [33].
This implies that the incorporation of Sn preferably occurs on the
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Fig. 5. Pyridine-adsorbed IR spectra of (a) H-beta, (b) deAl-beta-7-
24, (c) SnAl-beta-1-24, (d) SnAl-beta-3-24, (¢) SnAl-beta-7-
24, and (f) SnAl-beta-13-24.

silanol nest, which is generated by the Al leaching from the zeolite
framework.

The changes in Bronsted and Lewis acid site concentrations
were quantitatively analyzed by IR spectroscopy with adsorbed pyri-
dine (Fig. 5). The IR bands centered at 1,540 and 1,636 cm™" can be
assigned to the C-N stretching vibration of pyridinium ion adsorbed
on the Bronsted acid sites, while the bands at 1,450 and 1,609 cm™
correspond to the pyridine interacting with the Lewis acid sites
(i.e., isolated Sn sites) in the zeolite framework [33]. Also, the bands
at 1,445 and 1,594 cm™" can be assignable to the hydrogen-bonds
between pyridine and the surface silanol groups of zeolite [34]. As
shown in Fig. 5, all bands corresponding to the Bronsted and
Lewis acids disappeared after dealumination, and the bands (1,445
and 1,594 cm™) related to the pyridine adsorbed on the surface
silanols were significantly increased on the deAl-beta-7-24, indicat-
ing the formation of silanol nest on the dealuminated zeolite frame-
work. This is also well correlated with the increase of IR band at
3,729 cm™!, corresponding to the surface silanols over deAl-beta-
7-24 shown in Fig. 4.

We should note here that the intensity of the pyridine on the
surface silanols at 1,445 and 1,594cm™" over SnAl-beta-7-24 de-
creased when compared to that of deAl-beta-7-24, and instead the
two IR bands at 1,450 and 1,609 cm™' were increased again by the
isomorphic substitution of Sn (Fig. 5). This clearly shows the for-
mation of Lewis acid sites by Sn. Also, the bands corresponding to
the Lewis acid sites were increased over SnAl-beta zeolites with
the higher concentration of nitric acid used, which is coincident
with the increase of Sn/Al ratios over these zeolites shown in Table
1. However, the intensity of IR bands related to the Bronsted acid
sites (1,540 and 1,636 cm™') was continuously reduced with dealu-
mination and Sn substitution. This implies that the ratio of Bron-
sted acid/Lewis acid concentration can be effectively controlled by
the acid dealumination conditions.

2. Cascade Conversion of Glucose to 5-HMF

The catalytic conversion of glucose was investigated at 160 °C
over the beta zeolites with different acidic properties. As shown in
Fig. 6, H-beta exhibits moderate conversion of glucose while deAl-
beta-7-24 shows very slow conversion, which is the similar to the
case without using catalyst. However, the conversion of glucose was
significantly increased and reached higher than 70% within 2h
when Sn was introduced on the frameworks of beta zeolite (SnAl-
beta-7-24). Also, the yield of 5-HMF over this Sn-containing zeo-
lite catalyst was rapidly increased from the onset of reaction and
reached the highest value (20%) after 6h of reaction. After that,
the glucose conversion seemed to gradually approach the thermo-
dynamic equilibrium at the reaction temperature. Since the reac-
tion in 0.01 mM SnCl, aqueous solution, which is similar to the
Sn concentration of SnAl-beta-7-24, showed much lower activity
than SnAl-beta-7-24, the possibility of reaction by Sn leached from
zeolite framework can be excluded. These results indicate that the
glucose activation over the Sn-derived Lewis acid site is the most
important factor in this cascade reaction. Although H-beta has
much stronger pyridine interacting IR bands for Lewis acid sites
(Fig. 5 and Table 1), the glucose conversion and 5-HMF yield were
lower than those of SnAl-beta-7-24. This implies that the Sn-
derived Lewis acid site is more effective in glucose conversion than

Korean J. Chem. Eng.(Vol. 38, No. 6)



1166 H. An et al.
100 25
(a) (b) —a— H-beta
—e— deAl-beta-7-24
s 80 20 —a— SnAl-beta-7-24
= — —v— No catalyst
o X
‘® 60+ S 154 —4—SnCl,
g 3
>
[e]
T
5 40 = 107
§ s
O 204 54
O . T T T T T T g T o 0 T T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Reaction time (h)

Reaction time (h)

Fig. 6. (a) Glucose conversion and (b) 5-HMF yield over H-beta (), deAl-beta-7-24 (@), and SnAl-beta-7-24 (A) at 160 °C. For compari-
son, the glucose conversion and 5-HMF yield with no catalyst (¥) and 0.01 mM SnCl, (<) were also added.

that intrinsically existing in H-beta [32,34,35]. It is well known
that the Lewis acid sites generated from the calcination to make a
zeolitic acid catalyst change to the Bronsted acid sites under the
aqueous condition.

Considering the reaction on the aqueous solution giving much
lower selectivity to 5-HMF compared to other polar organic sol-
vents (e.g., 1-allyl-3-methylimidazolium chloride, dimethyl sulfox-
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ide, methyl isobutyl ketone, dimethyl formamide, etc.), the yield of
5-HMEF over the SnAl-beta-7-24 catalyst is remarkable [36]. In gen-
eral, when water was used as a solvent, the yield of 5-HMF over
H-beta was ca. 3-15% [32,34,35], which is similar to the result of
this study. However, the yield of 5-HMF decreased after 6h of
reaction due to the further hydration to levulinic and formic acids
(Scheme 1), and furthermore the other side reactions such as con-

Reaction time (h)

Fig. 7. (a) Glucose conversion and selectivity to (b) fructose, (c) 5-HME, and (d) levulinic+formic acids over SnAl-beta-1-24 (), SnAl-beta-
3-24 (@), SnAl-beta-7-24 (A ), and SnAl-beta-13-24 ('¥) at 160 °C.
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densation to macromolecular substances like humin under the
acidic environment [37]. On the other hand, this rapid decrease of
5-HMEF yield with extended reaction time was hardly observed on
the reactions with no catalyst and over the deAl-beta-7-24.

Fig. 7 shows the glucose conversion and selectivity to the major
products (ie., fructose, 5-HME and levulinic acid+formic acid) at
160 °C over SnAl-beta zeolites synthesized by acid dealumination
with different concentration of nitric acid. The initial conversion of
glucose increased in the order of SnAl-beta-1-24<SnAl-beta-3-24<
SnAl-beta-7-24<SnAl-beta-13-24, indicating that the higher Lewis
acid concentration is favored for this reaction. However, the con-
version of glucose over SnAl-beta-7-24 and SnAl-beta-13-24 was
almost identical after 2h of reaction. This is probably due to the
presence of thermodynamic equilibrium between glucose and fruc-
tose at the reaction temperature studied here [38,39]. As shown in
Figs. 7(b)-(d), on the other hand, fructose is the prevailing prod-
uct over all the SnAl-beta catalysts at the onset of reaction which is
produced by the isomerization of glucose over Lewis acid sites
(Scheme 1). The selectivity to fructose over SnAl-beta zeolites was
inversely proportional to the glucose conversion due to the sec-
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ondary conversion of fructose to 5-HME Thus, the selectivity to
fructose continuously decreased from the onset of the reaction
and 5-HMF became a dominating product after 6h of reaction
indicating the occurrence of Bronsted acid catalyzed dehydration
of fructose (Scheme 1). SnAl-beta-3-24 exhibits the highest selec-
tivity to 5-HME despite the relatively lower concentration of its
total acid sites than those of SnAl-beta-7-24 and SnAl-beta-13-24.
As shown in Fig. 7(d), however, the higher concentration of acid
sites on SnAl-beta-7-24 and SnAl-beta-13-24 facilitates the fur-
ther hydration of 5-HMF to levulinic and formic acids, resulting
in the lower selectivity to 5-HME

As shown in Fig. 8, the longer periods of dealumination also
had a positive effect on the glucose conversion and 5-HMF yield.
SnAl-beta-7-24, prepared by the dealumination with 7 M nitric acid
for 24 h, exhibits the highest initial conversion and 5-HMF yield
among the SnAl-beta-7 catalysts. This is probably due to the bal-
anced activity of both Bronsted and Lewis acid sites on this cata-
lyst. When the SnAl-beta-7-24 catalyst was reacted for 6h (1 cycle),
and consecutively the reacted sample was regenerated by calcina-
tion at 550 °C for 6h and tested again under the same reaction
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Fig. 8. (a) Glucose conversion and (b) 5-HMF yield over SnAl-beta-7-1 (), SnAl-beta-7-3 (@), SnAl-beta-7-12 (A), and SnAl-beta-7-24
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Fig. 9. (a) Glucose conversion and (b) selectivity to 5-HMF obtained at 160 °C as a function of Lewis acid portion over total acid concentration.
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conditions (2 cycles), the glucose conversion and 5-HMF selectiv-
ity decreased by 21 and 7%, respectively, compared to that obtained
from the first run (Fig. S1(a)). Since the powder XRD pattern of
the 2 cycle catalyst was not much different from that of the fresh
catalyst (Fig. S1(b)), it can be seen that the zeolitic phase was main-
tained, but the Sn active sites were affected by the calcined regen-
eration process.

Fig. 9 shows the glucose conversion and selectivity to 5-HMF
with respect to the relative portion of Lewis acid over total acid
concentration (ie., L/(B+L)). The glucose conversion was increased
until the portion of Lewis acid sites reached ca. 0.89 and further
increase of this acid did not improve the catalytic activity, proba-
bly due to the limitation by thermodynamic equilibrium. However,
the selectivity to 5-HMF reached its maximum at a certain point.
The decrease of 5-HMF selectivity was observed over all the cata-
lysts having Lewis acid portion higher than 0.76, which may be
due to the lower activity of fructose dehydration over Bronsted
acid sites and the further hydration of 5-HMF to levulinic and for-
mic acids. From the overall results of this study, the optimized
acidic properties of catalysts can be derived which can be applied
fundamentally for the development of 5-HMF production tech-
nology.

CONCLUSIONS

The bi-acidic SnAl-beta zeolites with different Bronsted and
Lewis acidity were successfully prepared by dealumination with
nitric acid and isomorphic substitution of Sn. The ratio of Lewis/
Bronsted acidity of SnAl-beta zeolites was controlled by adjusting
the degree of dealumination, which was achieved by the acid con-
centration and treatment period. As a result, the higher the nitric
acid concentration, the higher the Lewis acid concentration of cat-
alysts. The successful substitution of Al by Sn was demonstrated
by UV-DRS, and the acid concentration of catalysts was quanti-
fied by IR spectroscopy with adsorbed pyridine. The cascade con-
version of glucose to 5-HMF over SnAl-beta zeolites was strongly
influenced by its acidic property. The conversion of glucose was
proportional to the Lewis acid portion in the catalyst up to 0.89
and leveled off at the higher portion, probably due to the thermo-
dynamic limitation. The selectivity to 5-HMF reached its maxi-
mum when the portion of Lewis acid site in catalyst was 0.76,
because both Bronsted and Lewis acids are required for the cas-
cade conversion of glucose to 5-HME From the overall results of
this study, the optimal acidic properties of catalysts for the devel-
opment of 5-HMF can be suggested.
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Fig. S1. (a) Glucose conversion and 5-HMF selectivity over SnAl-beta-7-24 at 160 °C for 6 h in the two consecutive runs and (b) powder XRD
pattern of SnAl-beta-7-24 after two cycle runs.



