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Abstract

Hierarchical Sn-Beta zeolite was prepared through a hydrothermal postsynthesis
method, which employed no fluoride and only a small amount of tetracthyl
ammonium hydroxide (TEAOH). The dual roles of TEAOH as a base and as a
structure directing agent were discussed in detail, which were significantly affected by
its concentration. At TEAOH concentration of 0.2~0.4 mol L'l, hierarchical Sn-Beta
zeolites with the most probable mesopores of 7.8 nm were achieved. Other
physicochemical properties of the hierarchical Sn-Beta including the content and state
of Sn and the acidity were also characterized. The hierarchical Sn-Beta zeolite gave
higher yield of methyl lactate (58%) than the microporous Sn-Beta zeolite synthesized
in fluoride medium (47%) due to the promotion effect of the hierarchical porosity for
the conversion of glucose in methanol, which is an important and challenging process
of biorefinery. The hierarchical Sn-Beta zeolite is stable and can be recycled and
reused five times without significant loss of activity and selectivity.
Introduction

Catalytic conversion of biomass and biomass derived platform compounds to
biofuels and value-added chemicals attracts much attention in recent years.1 Lactic
acid (LA) and alkyl lactates are important chemicals that can be produced from
biomass derived carbohydrates.” Glucose and sucrose are cheap and abundant
materials for production of LA and alkyl lactates. Conversion of these hexoses to LA
in water or to alkyl lactate in alcohol is a complex process including multiple steps.’

Lewis acid catalyst shows particular activity and selectivity for production of LA and
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alkyl lactate.® Compared to homogeneous Lewis acid,”*** solid Lewis acid attracts
much more interest due to its easy separation from the reaction mixture and
re<:yclability.3a’b’5 Sn-Beta zeolite is considered as the state-of-the-art catalyst for the
conversion of Cg carbohydrates to LA or alkyl lactate.’>*® However, the
hydrothermal synthesis of Sn-Beta is difficult, which usually needs fluoride as
mineralizer, large amount of expensive tetraethyl ammonium hydroxide (TEAOH) as
structure directing agent (SDA), and long crystallization time (generally more than 10
days).”’ In addition, the crystal size of Sn-Beta synthesized in fluoride medium
(Sn-Beta-F) is usually large, which would pose diffusion limitations on the catalytic
reactions, especially the liquid reactions. It is reported that promoting the mass
transfer is beneficial to improve the selectivity for LA and alkyl lactate.*® Our recent
work indicates that Sn-USY zeolite exhibits higher catalytic performance for the
conversion of 1,3-dihydroxyacetone (DHA) to methyl lactate (MLA) than Sn-Beta-F

due to its hierarchical porosity.” Unfortunately, the hierarchical Sn-USY zeolite

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

prepared by the postsynthesis method gave poor selectivity for the conversion of Ce
carbohydrates to MLA. It is not a unique instance, but has its counterpart. The
postsynthesized Sn-Beta zeolite also showed bad selectivity for MLA from the
conversion of Cs carbohydrates without the cocatalyst of alkali salts.'® Due to the fact
that the postsynthesis method is simple and scalable,'" it is highly desirable to
synthesize Sn-Beta zeolite by this method for efficient conversion of C¢ carbohydrates
to alkyl lactates.

In the present work, a hydrothermal postsynthesis method with no fluoride and a
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small amount of TEAOH is developed to prepare Sn-Beta zeolite, especially
hierarchical Sn-Beta zeolite, for efficient conversion of Cg carbohydrates to alkyl
lactates. The method involves dealumination of Al-Beta zeolite to generate vacant T
sites and mixing the dealuminated Beta (deAl-Beta) with Sn precursor through
grinding, followed by a hydrothermal treatment of the mixture in the presence of low
concentration of TEAOH (Scheme 1). The physicochemical properties of the
hierarchical Sn-Beta zeolite were thoroughly characterized and its catalytic

performance was investigated in the conversion of glucose to MLA in detail.

78\17 %IH o Hydrothermal I
| © | Dealumination | |  Grinding  treatment | ] |
*S‘i*O*/.%l*O*S‘i* *SFOH HO-‘Sif T *S‘rO*’Sn*O*Sf*
SnCl,

Q Q_H il (x mol/L) Q

*S‘lf *S‘lf *S‘lf

Al-Beta Dealuminated Beta Hierarchical Sn-Beta

(deAl-Beta) (Sn-Beta-H-x)

Scheme 1 Procedure for preparation of Sn-Beta-H zeolite.
Experimental section
Preparation of hierarchical Sn-Beta zeolites

The parent Al-Beta zeolite (Si/Al = 38.1, Nankai University Catalyst Co., China)
was dealuminated with nitric acid (13 mol L™, 20 mL g zeolite) at 100 °C for 20 h.
After filtration and washing by water until the filtrate was neutral, the dealuminated
zeolite was dried at 100 °C overnight. The aluminum content of deAl-Beta determined
by ICP-AES is 0.03 wt% corresponding to Si/Al mole ratio of 1470. The dried
deAl-Beta (0.5 g) was ground homogeneously with 0.03 g of SnCly 5SH,O
(corresponding to nominal Sn content of 2 wt%), and then the mixture was

hydrothermally treated with different concentration of TEAOH (10 mL g') in a
1
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stainless steel autoclave lined with polytetrafluorethylene. The treatment was
performed at 140 °C for 24 h under static condition. The autoclave was quenched
immediately in cool water and the solid was separated by centrifugation, washed with
deionized water, dried at 100 °C, and calcined at 550 °C for 6 h in air, respectively.
The treated samples were denoted as Sn-Beta-H-x, where x denotes the concentration
of TEAOH.

As a reference, the calcined ground mixture of deAl-Beta and SnCls-5H,O was
given a name of Sn-Beta-P. Another reference sample, microporous Sn-Beta directly
synthesized by the hydrothermal method in fluoride medium was denoted as
Sn-Beta-F. The detailed synthesis process was given in Supporting Information.
Characterization of zeolites

Powder X-ray diffraction (XRD) was performed on a PANalytical X pert PRO
instrument with Cu Ko (4 = 0.15418 nm) radiation. Tube voltage and tube current

were 40 kV and 40 mA, respectively. The crystallinities of the samples were

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

calculated according to the intensity of the peaks at 20 of 7.9° and 22.9°. The
adsorption/desorption isotherms were measured with a Quantachrome Autosorb using
N, as adsorbate at -196 °C. Samples were outgassed at 300 °C for 3 h prior to
measurements. Total surface area was calculated based on Brunauer-Emmet-Taller
(BET) method. Micropore size distributions were calculated according to
Horvath-Kawazoe (HK) method, and mesopore size distributions were calculated
from the desorption branch of the isotherm with Barret-Joyner-Halenda (BJH) method.

Sn and Al content of zeolites was analyzed by induced coupled plasma-atomic
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emission spectroscopy (ICP-AES) on an iCAP 6000 SERIES instrument.
Ultraviolet-visible diffuse reflectance spectra (UV-vis DRS) were measured with an
Agilent Technologies Cary Series UV-vis-NIR spectrophotometer. Scanning electron
microscopy (SEM) was performed on JEOL JSM-6700F. Transmission electron
microscopy (TEM) images were obtained on a Tecnai G2 F20 operated at 200 kV.
Thermal analysis was performed on a NETZSCH STA 449F3 thermal analyzer under
air atmosphere with a temperature ramp of 10 °C min™. Temperature programmed

desorption of ammonia (NH3-TPD) was measured on a homemade instrument. The

sample was pretreated at 350 °C for 0.5 h in He, and then NH; was adsorbed at 100 °C.

The desorption process was monitored with a TCD at a temperature ramp from 100 °C
to 800 °C, with a heating rate of 10 °C min”'. Fourier transform infrared (FT-IR)
spectra of hydroxyl region and pyridine or deuterated acetonitrile (CD3;CN) adsorption
were recorded on self-supporting wafers (~10 mg). After evacuated at 450 °C for 3 h,
the wafers were cooled down to room temperature and the spectrum of hydroxyl
region was acquired, which is also the background spectrum for pyridine or CD;CN
adsorption. Subsequently, pyridine or CD;CN was adsorbed until saturation. The
spectra of CD3;CN adsorption were scanned at room temperature per 5 min intervals.
For the spectra of pyridine adsorption, the temperature was raised to the desired value
and kept for 0.5 h. The spectrum was collected after the temperature was decreased
again to room temperature.

Catalytic tests

A 10 mL stainless steel autoclave reactor was first charged with methanol (5 mL),
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and then carbohydrate (0.124 g) and catalyst (80 mg) were added under stirring. After
the autoclave was sealed, the atmosphere over the solution was replaced four times
with N, and then the pressure was charged to 0.5 MPa. Subsequently, the reactor was
heated to the desired temperature under stirring. When the reaction finished, it was
quenched in ice-water bath, and the catalyst was separated by centrifugation. The
products in the reaction solution were identified by an Agilent 6890N GC/5973 MS
and a Shimadzu LC-20AT HPLC analysis system. Conversion of carbohydrate was
analyzed with the external standard method on a Shimadzu LC-20AT HPLC analysis
system equipped with an Aminex HPX-87H column (300 mm x 7.8 mm) and
refractive index detector (RID-10A). 0.005 M aqueous H,SO4 was used as the mobile
phase, which had a flow rate of 0.5 mL min™". The column temperature was 40 °C.
MLA vyield were analyzed on a GC equipped with an FID using naphthalene as the
internal standard. Carbohydrate conversion and MLA yield were calculated as

follows:

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

moles of carbohydrate reacted

Carbohydrate conversion = x 100%

moles of starting carbohydrate

moles of MLA produced y 3 « 100%
— 0
moles of starting carbohydrate N,

MLA yield =

Where N¢ is the number of carbon atoms in carbohydrate molecule.

For the recycling studies, the following procedure was adopted. After reaction in
methanol at 160 °C for 10 h, the sample was centrifuged to deposit the solid catalyst.
The recovered solid catalyst was washed three times with methanol, dried overnight at

room temperature, calcined at 550 °C for 6 h, and then reused in the next reaction run.
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Results and discussion

Synthesis of hierarchical Sn-Beta zeolite
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Fig. 1 XRD patterns of Sn-Beta-H-x (x represents the concentration of TEAOH.).

Table 1 Properties of Al-Beta, deAl-Beta and Sn-Beta zeolites

Sn content Sprr  Total pore  External Mesopore Crystallinity
Sample (Wt%) (m2 volume surface area volume (mL (%)°

Sism®  gh)  (mLgh  (mg) g
Al-Beta - 495  0.327 72 0.094 100
deAl-Beta - 489  0.322 92 0.118 80
Sn-Beta-P 1.86(104) 435 0311 98 0.137 60
Sn-Beta-H-0.05 1.24 (157) 264  0.244 49 0.133 52
Sn-Beta-H-0.1  1.50(129) 385  0.282 49 0.108 60
Sn-Beta-H-0.2  1.64 (118) 405  0.299 59 0.120 76
Sn-Beta-H-0.3  1.72(112) 415 0311 85 0.142 75
Sn-Beta-H-0.4 2.34(82) 372 0.306 83 0.158 74
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Sn-Beta-F 1.38 (140) 348 0.230 45 0.073 -

“ Determined by ICP.

b External surface area = BET surface area — micropore surface area; mesopore
volume = total pore volume — micropore volume, where micropore surface area and
volume were determined by the #-plot method at a relative pressure of 0.05-0.70.

¢ Calculated according to the intensity of the peaks at 26 of 7.9° and 22.9°.

The concentration of TEAOH plays a crucial role in the synthesis of hierarchical
Sn-Beta zeolite. XRD patterns (Fig. 1) of Sn-Beta-H-x zeolites are similar with that of
the parent zeolite, manifesting that the crystal phase preserved after hydrothermal
treatment in the presence of TEAOH. SEM images (Fig. S1) revealed that both
morphology and crystal size did not change obviously after hydrothermal treatment.
The crystallinity of Sn-Beta-H-x decreased compared to deAl-Beta (Table 1), which is

caused primarily by the mixing process via grinding. The relative crystallinity of

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

Sn-Beta-P without hydrothermal treatment is only 60%. If taking Sn-Beta-P as a
benchmark, the crystallinity of Sn-Beta-H-x decreased firstly and then increased with
the enhancement in the concentration of TEAOH (Table 1). The crystallinity reached
its maximum at the concentration of 0.2 mol L. It is well known that TEAOH is a
strong base, and also a frequently-used SDA for synthesis of Beta zeolites.**'?
Therefore, the change in crystallinity with the concentration of TEAOH implies that,

on the one hand, TEAOH acting as a strong base etched the structure of zeolite, and

on the other hand TEAOH acting as a SDA reconstructed the structure of Beta zeolite.
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The concentration of TEAOH is the key factor determining which one of the two
opposite effects to be predominant during the hydrothermal treatment.

The results of N, physisorption (Table 1 and Fig. 2C) show that the BET surface
area and the micropore volume of Sn-Beta-H-0.05 were much lower than Sn-Beta-P,
which suggests that the structure of Sn-Beta-H-0.05 became partially amorphous by
the etching of TEAOH. This is in agreement with the lowest crystallinity of
Sn-Beta-H-0.05. The BET surface area and the micropore volume increased
significantly with the increase in the concentration of TEAOH to 0.1 mol L,
indicating that the structure was reconstructed with the SDA. Further increasing the
concentration of TEAOH, its etching effect became significant again. This was
testified by the BJH-derived pore size distributions (Fig. 2B) and the increase of the
mesopore volume and the external surface area (Table 1). The most probable
mesopore diameter can be observed apparently at 7.8 nm for Sn-Beta-H-0.2,
Sn-Beta-H-0.3, and Sn-Beta-H-0.4. The diameter of the mesopores is similar with the
hierarchical Beta prepared by sequential desilication and dealumination.”” TEM
images (Fig. 3) confirm the formation of intracrystalline mesopores. The generation
of these intracrystalline mesopores results from desilication of Beta zeolite, because
the solid yield of Sn-Beta-H (Fig. 3D) decreased with the concentration of TEAOH.
Similar result of organic base acting as desilication agent was also reported in

literature.'*

10
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Fig. 2 N, isotherms (A), BJH (B) and HK (C) derived pore size distributions of (a)

Sn-Beta-P and Sn-Beta-H-x (x represents the concentration of TEAOH.). (b) x = 0.05,
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Fig. 3 TEM images of (A) Sn-Beta-H-0.2, (B) Sn-Beta-H-0.3 and (C) Sn-Beta-H-0.4,
12
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and solid yield (D) of Sn-Beta-H-x after treatment with different concentration of
TEAOH.

The crystalline framework of Sn-Beta-H-0.4 preserved well as shown above by the
XRD results, though severe desilication took place at this point. This is one of the
virtues of organic base as desilication agent;'*'” in addition, TEAOH is a typical SDA
for the synthesis of Beta zeolite, which is more favorable for preserving its BEA
topology. If 0.3 mol L' NaOH was used as a desilication agent, it was found that the
structure completely collapsed. During the hydrothermal treatment, the structure
directing role of TEAOH was corroborated by the thermal analyses (Fig. 4A and Table
S1). For Sn-Beta-H-x, three weight loss stages were observed from TG curves. The
first stage (< 200 °C) is attributed to the desorption of water; the second one (200-350
°C) is ascribed to the oxidation and decomposition of TEA"; the third one (> 350 °C)
corresponds to removal of organic residue.'” Sn-Beta-F showed similar

oxidation-decomposition behaviors of TEAOH with Sn-Beta-H-x, confirming that

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

TEAOH played structure directing role in the process of hydrothermal treatment. The
total weight loss (Table S1) rose with the concentration of TEAOH until it reached 0.2
mol L. The TG curves of Sn-Beta-H-0.2, Sn-Beta-H-0.3, and Sn-Beta-H-0.4 almost
overlapped completely, implying that there is a fixed value for the amount of TEAOH
as SDA to heal the defects of Sn-Beta-P. In general, the requisite amount of SDA for
the synthesis of a zeolite is not random. Although deAl-Beta is already crystalline (Fig.
S2), the crystallites have more silanol defects due to acid dealumination. As can be
observed from the FT-IR spectra of the hydroxyl region (Fig. 4B), the absorption band

13
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of hydroxyl groups at 3540 cm™, corresponding to the hydrogen-bonded internal

silanols,

8¢c,16

enhanced dramatically after acid dealumination. This evidenced the

formation of defect sites inside the framework. After hydrothermal treatment, the

broad absorption band at 3540 cm™ (Fig. 4B (d)) significantly decreased in intensity.

The decrease is attributed to on the one hand the incorporation of Sn*" occupying part

defect sites, because the intensity of this absorption band for Sn-Beta-P (Fig. 4B (c))

without hydrothermal treatment also reduced obviously; on the other hand TEAOH

interacted with and healed up some defect sites, resulting to further decrease of the

defect sites. However, the defect sites of Sn-Beta-H-0.3 are still more than that of

Sn-Beta-F synthesized in fluoride medium, which is considered to be defect-free."”
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Fig. 4 TG analyses (A) of Sn-Beta-H-x and Sn-Beta-F, and FT-IR spectra (B) of the
hydroxyl region of (a) Al-Beta, (b) deAl-Beta, (c) Sn-Beta-P, (d) Sn-Beta-H-0.3 and (e)
Sn-Beta-F.
Content and state of Sn in hierarchical Sn-Beta zeolite

The framework Sn species are the active centers of stannosilicate zeolites as
catalysts,'® so the content and state of Sn in the hierarchical Sn-Beta zeolites was

determined. The content of Sn in Sn-Beta-H-x was affected by the concentration of

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

TEAOH (Table 1), which gradually advanced with the concentration of TEAOH; but
the content of Sn in Sn-Beta-H-x was lower than that in Sn-Beta-P when the
concentration of TEAOH was lower than 0.4 mol L™ This indicates that a fraction of
Sn entered the aqueous solution during the hydrothermal treatment. The content of Sn
in Sn-Beta-H-0.4 was higher than that in Sn-Beta-P due to severe desilication by
TEAOH as observed in Fig. 3D.

UV-vis DR spectroscopy and FT-IR spectroscopy of CD3;CN adsorption were
employed to further reveal the state of Sn in Sn-Beta-H, although the above FT-IR

spectra of the hydroxyl region provide the information of Sn incorporation into the
15
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vacant framework sites. UV-vis DR spectra in Fig. SA show that both Sn-Beta-P and
Sn-Beta-H-0.3 exhibit a band at 200 nm, which is ascribed to the charge transfer of
O* to Sn*" in the framework positions."”" The intensity of this band for
Sn-Beta-H-0.3 is higher than that of Sn-Beta-P though the content of Sn in both
samples is comparable, suggesting that more isolated tetrahedrally coordinated Sn*
species were formed.”” Nevertheless, a small amount of Sn species present at
extraframework sites is not excluded. CD3CN adsorption is a powerful tool to identify
the isolated framework metal sites, which interacts with tetrahedrally coordinated
framework Sn sites and displays a characteristic absorbance in IR spectrum at ~2311

-19,13,16

cm Indeed, the hierarchical Sn-Beta-H-0.3 shows an absorbance at 2310 cm’

(Fig. 5B), explicitly demonstrating that Sn was incorporated into the framework sites.

(A)
0.64

Sn-Beta-P
Sn-Beta-H-0.3
SnO,

0.4+

Absorbance (a.u.)

Absorbance (a.u.)

024\

0.0 . . : - ; , y y y y y
200 300 400 500 600 700 800 2320 2300 2280 2260 2240
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Wavelength (nm)

Fig. 5 UV-Vis DRS (A) of Sn-Beta-H-0.3, Sn-Beta-P and SnO,, and FT-IR spectra (B)
of CD3;CN adsorbed on Sn-Beta-H-0.3 (The spectra were measured after saturation of
CD;CN on the samples followed by different desorption times at 25 °C.).
Acidity of hierarchical Sn-Beta zeolite

The acidity of Sn-Beta-H-0.3 was monitored with NH3;-TPD and FT-IR
spectroscopy of pyridine adsorption measurements. FT-IR spectra of adsorbed

16
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pyridine of Sn-Beta-H-0.3 (Fig. 6A) exhibit two strong absorption bands at 1452 cm™
and 1612 cm’ corresponding to pyridine adsorbed on Lewis acid sites.””?! FT-IR
spectra of pyridine adsorbed on deAl-Beta (Fig. S3) do not show these characteristic
absorption bands, which suggests that the Lewis acid sites of Sn-Beta-H-0.3 were
generated by Sn incorporation. A weak band at ~1547 cm™ representing pyridine
adsorbed on Brensted acid sites is observed for both Sn-Beta-H-0.3 and deAl-Beta,
meaning that the Breonsted acid sites originate from the small amount of residual
framework Al (0.03 wt%). These results suggest that Sn-Beta-H-0.3 mainly comprise
Lewis acid sites, like other Sn-Beta zeolites reported in literature.”® The Lewis acid
density of Sn-Beta-H-0.3 was calculated based on the peak at 1452 cm™ according to
the equation given in literature,” and compared with that of Sn-Beta-F (Fig. S4). It
can be seen from Table S2 that the Lewis acid density for both samples is comparable.
NH;-TPD (Fig. 6B) result indicates that there is an intense desorption peak at

temperature lower than 350 °C, corresponding to weak acid sites. Another desorption

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

peak is also observed at 490 °C which is related to strong acid sites.”® This means Sn
located in different micro-environments. Additionally, Sn-Beta-H-0.3 comprises less

strong acid sites than Sn-Beta-F.
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Fig. 6 FT-IR spectra (A) of adsorbed pyridine of Sn-Beta-H-0.3, and NH3-TPD curves
(B) of Sn-Beta-H-0.3 and Sn-Beta-F.

Catalytic performance of hierarchical Sn-Beta zeolite

18


http://dx.doi.org/10.1039/c6gc02437h

Page 19 of 30 Green Chemistry

View Article Online
DOI: 10.1039/C6GC02437H

I Conversion of glucose
I Yicld of methyl lactate

Conversion or yield (%)

Fig. 7 Conversion of glucose in methanol over various Beta zeolites. Reaction
conditions: 0.124 g glucose, 80 mg catalyst, 5 mL methanol, 0.5 MPa N, 160 °C, 10
h.

The catalytic performance of Sn-Beta-H-x was tested in the conversion of glucose
to MLA in methanol (Fig. 7). For comparison, the catalytic performance of Al-Beta,
deAl-Beta, Sn-Beta-P and Sn-Beta-F was also investigated. Glucose was completely

converted over all tested catalysts except the blank reaction. The yield of MLA was

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

22% over Sn-Beta-P, which was consistent with that reported in literature.'” Over
Sn-Beta-H-x, the yield of MLA was remarkably enhanced. Moreover, the yield of
MLA increased gradually with the concentration of TEAOH until it reached 0.3 mol
L. 58% of MLA yield was acquired over Sn-Beta-H-0.3, which is higher than that
over Sn-Beta-F (47%). It is widely accepted that the reaction route for the conversion
of glucose to MLA (Scheme S1) contains: (1) isomerization of glucose to fructose, (2)
retro-aldol of fructose to DHA and glyceraldehyde (GLA), and (3) isomerization of
DHA and GLA to MLA.>*® The second step is considered as the rate-determining
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3324 and Lewis acid sites related to framework Sn*" in stannosilicate are efficient

step,
active sites for this reaction.”® Due to the fact that the crystal size, the content and
state of Sn and the acidity of Sn-Beta-H-0.3 and Sn-Beta-F are similar, the difference
in the catalytic performance can be attributed to the different porosity. In order to
investigate the promotion effect of the hierarchical pores on the rate-determining step,
Sn-Beta-H-0.3 was tested for the conversion of fructose in methanol and compared
with Sn-Beta-F. A lower temperature (120 °C) was selected in order to observe the
intermediate products of this reaction and at the same time compare conveniently the
performance of Sn-Beta-H-0.3 and Sn-Beta-F for the retro-aldol reaction of fructose.
For the conversion of fructose to C; compounds, Sn-Beta-H-0.3 gave 71% of yield of
total C; derivatives, whereas Sn-Beta-F only gave 42% (Table 2). The pseudo-yield of
retro-aldol reaction of fructose (Table S3) over Sn-Beta-H-0.3 was calculated
according to the formula reported in literature,* which was twice as high as that over
Sn-Beta-F. Kinetic analyzing results (Fig. S5 and Fig. S6) showed that the retro-aldol
reaction fitted well with the pseudo-first-order reaction kinetics, which is consistent
with that reported for the retro-aldol reaction of glucose.”” The apparent activation
energy over Sn-Beta-H-0.3 and Sn-Beta-F is 100, and 96 kJ mol ™, respectively (Fig.
S7). The values are lower than that for the retro-aldol reaction of glucose over
ammonium metatungstate.”® In addition, Sn-Beta-H-0.3 shows a rate constant for the
retro-aldol reaction of fructose twice higher than Sn-Beta-F at the same temperature,
though the activation energy over Sn-Beta-H-0.3 and Sn-Beta-F is comparable. These

results clearly prove that Sn-Beta-H-0.3 possesses much higher catalytic activity
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toward the retro-aldol reaction of fructose to C; sugars. The retro-aldol reaction of
fructose to Cs sugars involved activation of oxygen atom on C2 and C4 by one Sn site
and formation of a six-membered ring.**® The hierarchical pores probably facilitated
to reduce steric hindrance of the hydromethyl group (C1) of the transition states for
the retro-aldol reaction, and make it proceed smoothly. Thus, the yield of MLA was
increased.

Table 2 Conversion of fructose over Sn-Beta-H-0.3 and Sn-Beta-F in methanol®

OH
o) CcH0. PCHs CH;0
OCH, OCH, OCH,
OCH;,4 OCH;,4 OCHjz
1 2 3

\ /
Y

Addition products of pyruvaldehyde with methanol

Yield (%)
Conversion of Compound Compound Compound Total G
Catalyst fructose (%) MLA 1 2 3 compounds
Sn-Beta-H-0.3 95 41 2 18 10 71
Sn-Beta-F 84 22 3 10 7 42

* Reaction conditions: 0.248 g fructose, 0.160 g catalyst, 10 mL methanol, 0.5 MPa N,

120 °C, 1 h.

Higher alcohols including ethanol and n-butanol were also employed as solvents.

The yields of corresponding alkyl lactate were 41% and 29%, respectively, which are
21
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comparable to the yields reported in literature with sucrose as substrate.*® The

catalytic performance of Sn-Beta-H-0.3 was also tested for the conversion of other

carbohydrates (Table 3). Sn-Beta-H-0.3 is active for converting all of the studied

carbohydrates. The yield of MLA with 1,3-dihydroxyacetone (DHA) as substrate

(entry 3) was the highest due to the easiest conversion of triose compared to hexose.

The yields of MLA from fructose and mannose (entries 4 and 5) were comparable to

that from glucose, because Lewis acid Sn-Beta can catalyze the isomerization

5 . .
between these sugars.” Sucrose, a disaccharide composed of glucose and fructose

units, gave slightly lower MLA yield than monosaccharides; probably the presence of

glycosidic bond restrains its conversion. With the pentose of xylose being used as the

substrate, 53% of MLA yield was obtained (entry 7).

Table 3 Conversion of carbohydrates to alkyl lactate over Sn-Beta-H-0.3"

Entry Substrate Solvent Conversion Yield of alkyl lactate (%)
(%)
1 Glucose  Ethanol 100 41
2 Glucose  n-Buthanol 100 29
3 DHA Methanol >99 89
4 Fructose = Methanol 100 55
5 Mannose Methanol 100 54
6 Sucrose  Methanol 100 50
7 Xylose  Methanol 100 53

* Reaction conditions: 0.124 g carbohydrate, 80 mg catalyst, 5 mL methanol, 0.5 MPa
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N>, 160 °C, 10 h.
® The reaction temperature and time for DHA conversion were 90 °C and 5 h,
respectively.

The catalytic performance of Sn-Beta zeolites prepared by the hydrothermal
postsynthesis method is independent on the properties of the parent Al-Beta. Starting
from two other Al-Beta zeolites with Si/Al ratio of 19.5 and 13.8, the obtained
Sn-Beta-H-x gave similar yields of MLA from glucose (Table S4). In addition,
keeping the concentration of TEAOH at 0.3 mol L™ and increasing the ratio of zeolite
to TEAOH solution from 1/10 to 1/5 (g mL™) did not influence the catalytic
performance of the catalyst (Table S4, entry 8). At this point, the consumption amount
of TEAOH only accounts for 17% of that used in the hydrothermal synthesis of
Sn-Beta-F. This is significant for saving cost and diminishing environmental
pollution.

Reusability of hierarchical Sn-Beta zeolite

Published on 28 October 2016. Downloaded by University of 1daho Library on 29/10/2016 03:18:38.

The hydrothermal postsynthesis method for preparation of the hierarchical Sn-Beta
without using toxic fluoride and only consuming a small amount of TEAOH is more
environmentally friendly and economical than the traditional hydrothermal synthesis
method. Finally, the stability and the recyclability of the hierarchical Sn-Beta were
investigated, which are important for a heterogeneous catalyst besides the catalytic
activity and the selectivity. As shown in Fig. 8, the conversion of glucose was
complete, and the yield of MLA only decreased slightly and remained as high as 48%
after five consecutive reaction runs. It was observed that the color of the catalyst
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gradually became deep after every recycling and turned to light gray after five
recyclings even after calcination at 550 °C for 6 h (Fig. S8), while the crystalline
structure of Sn-Beta-H-0.3 kept well (Fig. S9). So, the fouling of the catalyst should

account for the slight decrease of the catalytic performance during recycling.

1004

80 Il Conversion of glucose
I Yield of methyl lactate

60

40

Conversion or yield (%)

20 4

Fig. 8 Reusing test of Sn-Beta-H-0.3 in the conversion of glucose to MLA. Reaction
conditions: 0.372 g glucose, 0.240 g catalyst, 15 mL methanol solution, 0.5 MPa Ny,
160 °C, 10 h.
Conclusions

In conclusion, a hydrothermal postsynthesis method was developed successfully to
prepare hierarchical Sn-Beta zeolite, which involves dealumination to generate vacant
T sites, mixing dealuminated Beta with SnCls, and then hydrothermal treatment in the
presence of TEAOH. During hydrothermal treatment, TEAOH plays dual roles; one is
acting as a base to desilicate and the other is as a SDA to preserve the structure of
Beta. The concentration of TEAOH determined which one of the two roles to be
predominant. Hierarchical Sn-Beta with 7.8 nm mesopores can be obtained at the
concentration of 0.2~0.4 mol L. The hierarchical Sn-Beta exhibits higher catalytic
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performance in the conversion of glucose to MLA than the conventional Sn-Beta
synthesized in fluoride medium, which remarkably promotes the rate-determining step
of retro-aldol of fructose and thus the yield of MLA.
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Hierarchical Sn-Beta zeolite was prepared by a hydrothermal postsynthesis method. It shows high
catalytic activity for the conversion of glucose to alkyl lactate, which is better compared to
microporous Sn-Beta synthesized by traditional hydrothermal method in fluoride media.

OH
HOy,, OH
& ““OH
160 °C, 10 h
OH
OH
O Yield 58%
OCH;

Hierarchical Sn-Beta
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