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ARTICLE INFO ABSTRACT

Lewis acid Sn-BEA catalysts with tunable morphology and hydrophobicity were successfully synthesized by the
recrystallization of post-synthetic Sn-BEA in the presence of ammonium fluoride (NH4F) and tetra-
ethylammonium bromide (TEABr). Three-dimensionally ordered mesoporous imprinted (3DOm-i) and nano-
crystalline Sn-BEA catalysts with hydrophobic surface were synthesized for the first time by the method. This
recrystallization method includes the dissolution of crystalline zeolite BEA by fluoride ions and the rearrange-
ment of different types of silanol defects in the presence of TEABr. The method allows the final products to
simultaneously inherit the morphology of their parent Al-BEA zeolites, and significantly reduce silanol defects
within the catalysts. The Sn-BEA catalysts synthesized from the recrystallization method show largely enhanced
catalytic performance for both glucose isomerization and bulky lactose isomerization in different solvents, which
is presumably due to the hydrophobic surface and improved molecular transport property in the hierarchical
zeolites. The recrystallization approach is a facile and reliable strategy to improve the hydrophobicity of zeolite
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catalysts with tunable morphologies ranging from nanocrystals to hierarchical structures.

1. Introduction

Zeolites are microporous crystalline materials with distinct pore
dimension, connectivity, and composition. Due to their hydrothermal
stability and molecular sieving capability, aluminosilicate zeolites have
been widely used in catalysis, ion-exchange and separation [1,2]. Dif-
ferent from aluminosilicate zeolites, Sn, Ti and Zr-containing zeolites
exhibit unique Lewis acidity in the presence of water. In particular, Sn-
BEA, a stannosilicate zeolite with BEA topology, is a promising catalyst
for the Baeyer-Villiger (BV) reaction [3-5], reduction of carbonyl
compounds with secondary alcohols through the Meerwein-Ponndorf-
Verley (MPV) reaction [3,6,7], ring-opening hydration of epoxides [8],
the Diels-Alder and dehydration reactions for producing p-xylene from
2,5-dimethylfuran and ethylene [9-15], and isomerization of cellulosic
sugars [16-22]. The unique catalytic performance of Sn-BEA in the
presence of water is attributable to its Lewis acidity stemming from the
tetrahedrally coordinated framework Sn and hydrophobic nature as-
sociated with a defect-free siliceous framework [18,20,23-25].

Hydrophobic Sn-BEA (denoted as Sn-BEA-HF) is conventionally

* Corresponding author.
E-mail address: wfan@ecs.umass.edu (W. Fan).

https://doi.org/10.1016/j.micromeso.2018.12.046
Received 30 November 2018; Accepted 31 December 2018
Available online 02 January 2019

1387-1811/ © 2019 Elsevier Inc. All rights reserved.

synthesized in the presence of hydrofluoric acid (HF). In the synthesis
route, fluoride anions act as a mineralizing agent for the crystallization,
and pair with the positive charges of organic structure-directing agents
(OSDAs) such as tetraethylammonium (TEA ™). Therefore, no structural
defect, Si—O ™, is required to balance the positive charge of the OSDAs
in the fluoride-assisted synthesis method, which results in low-defect or
defect-free zeolite structures with hydrophobic surface. Although the
fluoride-assisted synthesis method leads to superior hydrophobicity for
the materials, several challenges need to be tackled before using them
in industrial applications. The Sn-BEA-HF usually possesses a large
crystal size due to limited nucleation and slow crystal growth in the
presence of HF [26-28]. Mass transfer limitations caused by the large
crystal size can hamper their catalytic properties, in particular, when
bulky reactants and/or products are involved. In addition, the use of HF
is strictly regulated because of safety requirements in a material man-
ufacturing process.

Recently, alternative synthesis approaches such as post-synthetic
methods have been developed for Sn-BEA [29-35]. Li and coworkers
revealed that Sn can be grafted onto dealuminated BEA via chemical
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vapor deposition with tin chloride (SnCl,) vapor [33]. Hammond et al.
reported a solid state ion-exchange (SSIE) route where tin acetate was
physically mixed with dealuminated BEA followed by calcination
[31,32]. Dijkmans et al. employed a solution-based approach to in-
corporate Sn into dealuminated BEA [34,35]. In general, these post-
synthetic methods include an acid treatment to eliminate framework Al
from the parent Al-containing zeolites, which creates silanol (Si—OH)
nests. The reaction between Sn precursors with the silanol nests forms
tetrahedrally coordinated Sn sites. In the post-synthetic approaches, the
morphology of the parent aluminosilicate BEA samples can be retained
during the dealumination and Sn-insertion steps under optimized
synthesis conditions. Therefore, Sn-BEA catalysts with various
morphologies ranging from nanocrystals to hierarchical structures have
been synthesized. However, the defect density of the Sn-BEA samples
synthesized by the post-synthetic approaches (denoted as Sn-BEA-PS) is
much higher than the samples made via the fluoride-assisted synthesis
route. This is because of the low mobility of Sn precursors and the
limited control over the type and amount of silanol defects in the
dealuminated BEA. Because of the high defect density and low hydro-
phobicity, for many reactions Sn-BEA-PS catalysts showed lower cata-
lytic performance than hydrophobic Sn-BEA-HF even though Sn-BEA-
PS catalysts possessed improved mass transport property due to their
small particle size and hierarchical structure [17,30,36].

Herein, we demonstrate that morphology-tunable Sn-BEA with a
low density of structural defects can be achieved by healing the silanol
defects using a recrystallization method. In this method, Sn was in-
corporated into the dealuminated BEA with different morphologies by a
post-synthetic route. The resultant materials undergo recrystallization
in the presence of tetraethylammonium bromide (TEABr) and ammo-
nium fluoride (NH4F) using a steam-assisted crystallization (SAC)
method. Bulky, 200 nm and hierarchical Sn-BEA zeolites with reduced
structural defects were synthesized by this method. The catalytic
properties of the synthesized Sn-BEA were systematically evaluated for
the isomerization of glucose (C¢ sugar) and lactose (Cg sugar dimer) in
different solvents. We show that improved hydrophobicity is crucial for
leveraging the catalytic properties of the Sn-BEA catalysts with hier-
archical structures.

2. Experimental
2.1. Synthesis of Sn-BEA-HF

Sn-BEA-HF was synthesized according to the method reported by
Chang and coworkers [37]. Typically, 10.47 g of tetraethylorthosilicate
(TEOS, 98%, Alfa Aesar) was mixed into 11.51g of tetra-
ethylammonium hydroxide solution (TEAOH, 35wt%. Alfa Aesar or
SACHEM), and stirred at room temperature until it became homo-
geneous. To this solution, 0.15 g of tin chloride hydrate (SnCl4;xH,0,
34.4wt% Sn, Alfa Aesar) dissolved in 0.96 g of deionized water was
added. The mixture was then stirred in a hood until ethanol generated
from the hydrolysis of TEOS was completely evaporated. Then,
0.560 mL of dealuminated zeolite beta seed solution (0.224gmL’1)
was added into the solution (4.1 wt% with respect to the silica content)
and mixed by a plastic spatula. Finally, 0.971 mL of hydrofluoric acid
(HF, 48 wt%, Alfa Aesar) was added and homogenized by using a plastic
spatula. The obtained gel with a molar composition of 1 SiO5: 0.008
SnO,: 0.27 TEA,O: 0.54 HF: 7.5 H,0 was then transferred into a Teflon-
lined stainless steel autoclave. For crystallization, the autoclave was
heated at 140 °C with a rotation of 3rpm for 4 days. The as-made
product was collected by extensive washing with deionized water and
then drying in a 100 °C oven overnight. The resulting solid was calcined
in a tube furnace by flowing air with a ramping rate of 1°C min~"! to
550 °C for 12 h, with the aim to remove the OSDA and fluoride ions. The
Si/Sn molar ratio of the final product was 126, as determined by in-
ductively coupled plasma (ICP) analysis.
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2.2. Synthesis of Sn-BEA-PS

In this study, three parent Al-BEA zeolites were prepared: (1)
commercial AI-BEA (CP814E, Si/Al = 12.5, denoted as Com_Al-BEA)
from Zeolyst, (2) Al-BEA with 200 nm of a particle size (denoted as
200 nm_Al-BEA) synthesized from earlier literature [39], and (3) three-
dimensionally ordered mesoporous imprinted Al-BEA (denoted as
3DOm-i_Al-BEA) synthesized by a previously reported method [40].
The prepared Al-BEA zeolites were dealuminated by treatment with
nitric acid (HNOs, 70 wt%, Fisher Scientific). Typically, 0.5 g of the Al-
BEA was mixed with 25 mL of HNO; in a Teflon-lined stainless steel
autoclave which was then put into 80 °C oven for 24 h under static
conditions. The dealuminated zeolite BEA (DeAl-BEA) was washed ex-
tensively with deionized water, and subsequently dried overnight at
100°C. To prepare post-synthesized Sn-BEA (Sn-BEA-PS), solid-state
incorporation was performed by grinding tin chloride hydrate
(SnCl4xH50, 34.4 wt% Sn, Alfa Aesar) with DeAl-BEA for 10 min in a
pestle and mortar, followed by calcination in a tube furnace by flowing
air with a ramping rate of 1 °C min~! to 550 °C for 12h [31]. Each Sn-
BEA-PS sample via post-synthesis was named Com_Sn-BEA-PS,
200 nm_Sn-BEA-PS and 3DOm-i_Sn-BEA-PS, depending on the parent
Al-BEA used. All Sn-BEA-PS zeolites possessed a Si/Sn molar ratio of
125, confirmed by ICP analysis.

2.3. Synthesis of Sn-BEA-RC

Sn-BEA-RC was synthesized by recrystallizing Sn-BEA-PS in the
presence of tetraethylammonium bromide (TEABr, 98%, Alfa Aesar)
and ammonium fluoride (NH4F, 96%, Alfa Aesar). Typically, 0.1 g of
Sn-BEA-PS powder was mixed with 0.189g of TEABr and 0.034 g of
NH,F for 5min using a pestle and mortar. The resulting solid with a
molar composition of 1 SiO5: 0.008 SnO,: 0.54 TEABr: 0.54 NH,4F was
recrystallized via steam-assisted crystallization (SAC). 0.1 mL of deio-
nized water was dropped into a 50 mL Teflon-lined stainless steel au-
toclave, and a glass vial containing the resulting powder was loaded in
the autoclave, to avoid direct contact between the solid and water (Fig.
S1). Subsequently, the autoclave was placed in an oven set at 170 °C,
and then heated for 1 day. After recrystallization, the as-made sample
was washed by centrifugation with deionized water and dried at 90 °C
overnight. The dried sample was calcined in a tube furnace by flowing
air with a ramping rate of 1 °C min~ ! to 550 °C for 12 h. Each Sn-BEA-
RC sample prepared by recrystallization was denoted as Com_Sn-BEA-
RC, 200 nm_Sn-BEA-RC and 3DOm-i_Sn-BEA-RC, depending on the
parent Al-BEA used. All Sn-BEA-RC zeolites possessed a Si/Sn molar
ratio of 125, confirmed by ICP analysis.

2.4. Synthesis of Si-BEA-HF

The synthesis of Si-BEA-HF was based on a method previously
published by Tong and coworkers [38]. Typically, 10.1 g of TEAOH
(35% solution in water, Alfa Aesar or SACHEM) was mixed with 10.0 g
of TEOS in the PTFE liner of an autoclave. This mixture was stirred
vigorously overnight allowing for ethanol and some water to evaporate.
Subsequently, the liner containing the mixture was placed in an 80 °C
oven to allow for further evaporation until the total weight loss from
the start was 13.4 g. The target H,O to Si molar ratio after drying is
0.30. The solid was ground to a fine powder and 0.98 g of HF (48%
solution in water) was added to it followed by homogenization of the
mixture using a plastic spatula. The final mixture composition was 1.0
SiO,: 0.50 HF: 0.50 TEAOH: 1.1 H,0. The autoclave was sealed and
placed in a 150 °C oven for 7 days. The washing and calcination pro-
cedures were the same as that for Sn-BEA-HF.

2.5. Material characterization

Powder X-ray diffraction (XRD) patterns of the samples were
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measured on an XRD diffractometer (X'Pert Pro, PANalytical) using Cu
Ka radiation generated at 45kV and 40 mA in a 26 range of 4-40°. A
scanning electron microscope (SEM, Magellan 400, FEI) was used to
investigate the morphology of the zeolites, and the samples were coated
with platinum/palladium alloy prior to observation. Elemental analysis
was performed on inductively coupled plasma optical emission spec-
troscopy (ICP-OES, iCap 6500 Dual view, Thermo Scientific). Nitrogen
adsorption-desorption isotherms were measured at 77K on an auto-
mated gas sorption analyzer (Autosorb iQ2, Quantachrome) after the
samples were degassed at 300 °C under vacuum. Lewis acidity of Sn-
BEA zeolites were confirmed by Fourier transform infrared (FT-IR) on
an Agilent Cary 660 FT-IR Spectrometer equipped with a MCT detector
(128 scans at a spectral resolution of 2 cm ™ 1). Typically, zeolite sample
was loaded on a sample cell, followed by annealing at 450 °C for 1 h
under vacuum of 0.01 mTorr to completely remove adsorbed water
from the sample. After cooling down to 30 °C, the dehydrated solid was
saturated with pyridine (99.8%, Sigma-Aldrich) or deuterated acet-
onitrile (CD3CN, 99.8%, Sigma-Aldrich). Then, FT-IR spectra were re-
corded every 10 °C with increasing the cell temperature at a ramp rate
of 2.5°C min~!. Water adsorption isotherms were obtained using a
VSTAR water vapor sorption analyzer (Quantachrome Instruments) at
25 °C. Before measurement, zeolite samples were degassed at 300 °C for
12h. Water adsorption property of Sn-BEA was characterized by
thermal gravimetric analysis (TGA) in a thermal analyzer (SDT600, TA
instrument). 20mg of zeolite was mixed with 0.4 mL of water and
stirred at 90°C for 1h under 1000 rpm, followed by drying at 60 °C
oven for 16 h. Around 10 mg of the sample was put into the TGA in-
strument, and the sample temperature was then increased with a
ramping rate of 10°C min~! to 700°C while flowing helium at
100 mLmin~'. 2°Si MAS NMR measurements were performed on a
Bruker 600 MHz solid state NMR spectrometer using a 4 mm MAS
probe. The samples were spun at 6 kHz during the measurement, with
the spectral operating frequencies at 600.1 and 119.2 MHz for 'H and
295i nuclei respectively. A recycle delay time of 200 s was used for all
the samples.

2.6. Catalytic evaluation

The catalytic activity of the Sn-BEA zeolites was studied for sugar
isomerizations including the conversion of glucose to fructose and the
conversion of lactose and lactulose in two different solvents i.e., water
and methanol (MeOH, 99.9%, Fischer Scientific). For glucose iso-
merization in water, 1 g of 1 wt% glucose in water was mixed with Sn-
BEA in a closed glass vial. The molar ratio of glucose to Sn was 20. The
reaction proceeded at 100 °C for 15 min on an aluminum heating block.
For glucose isomerization in MeOH, the reaction occurred at 70 °C for
15 min after 1 g of 1 wt% glucose in MeOH was mixed with Sn-BEA (a
glucose/Sn molar ratio = 20). In addition, the conversion of lactose was
performed in both water and MeOH, respectively. The Sn-BEA catalyst
was mixed with either 1 g of 1 wt% lactose in water or 1 g of 0.5 wt%
lactose in MeOH. The molar ratio of lactose to Sn in the initial reaction
mixture was 20 for lactose isomerization in both solvents. The lactose
reaction was carried out in water at 110 °C for 2 h, while the reaction
occurred in MeOH at 90 °C for 16 h. After the reaction, the reaction
mixture was cooled down in ice water and filtered by a 200 nm syringe
filter. The filtrate was then analyzed on HPLC (LC029C Shimadzu)
using a refractive index (RI) detector and an HPX-87C column (BioRad)
at 80 °C under 0.6 mL min ™! of water (for HPLC, Fisher Scientific).

3. Results and discussion

Synthesis of hydrophobic Sn-BEA samples with tunable morpholo-
gies using the recrystallization method started from the dealumination
of three different Al-BEA zeolites: bulky Al-BEA (Com_Al-BEA), 200 nm
Al-BEA (200 nm_Al-BEA) and three-dimensionally ordered mesoporous
imprinted Al-BEA (3DOm-i_Al-BEA). Sn was incorporated into the
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Fig. 1. XRD patterns of the parent Al-BEA, Sn-BEA made by post-synthetic
method and Sn-BEA made by the recrystallization method. (a) Samples made
from commercial Al-BEA: Com_Al-BEA, Com_Sn-BEA-PS and Com_Sn-BEA-RC,
(b) samples made from 200 nm Al-BEA: 200 nm_Al-BEA, 200 nm_Sn-BEA-PS and
200 nm_Sn-BEA-RC, and (c) samples made from 3DOm-i Al-BEA: 3DOm-i_Al-
BEA, 3DOm-i_Sn-BEA-PS and 3DOm-i_Sn-BEA-RC.
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Fig. 2. SEM images of the parent Al-BEA, Sn-BEA made by post-synthetic method and Sn-BEA made by the recrystallization method. Sample made from commercial
Al-BEA: (a) Com_Al-BEA, (b) Com_Sn-BEA-PS, (c¢) Com_Sn-BEA-RC; samples made from 200 nm Al-BEA: (d) 200 nm_AI-BEA, (e) 200 nm_Sn-BEA-PS, (f) 200 nm_Sn-
BEA-RC; samples made from 3DOm-i Al-BEA: (g) 3DOm-i_Al-BEA, (h) 3DOm-i_Sn-BEA-PS, and (i) 3DOm-i_Sn-BEA-RC.

dealuminated BEA zeolites using the solid state ion-exchange (SSIE)
method previously reported in literature [31]. The Sn-BEA samples
prepared by the post-synthetic SSIE method are denoted as Sn-BEA-PS.
In order to improve the hydrophobicity of the Sn-BEA samples while
retaining their morphologies, the SAC method was applied for Sn-BEA-
PS samples in the presence of TEABr and NH4F. The final molar com-
position of the mixture by the SAC method was 1.00 Sn-BEA-PS: 0.54
TEABr: 0.54 NH4F. In the experimental SAC set-up for the re-
crystallization, the solid mixture was placed in a glass vial with a small
amount of water outside the glass vial (Fig. S1) [41,42]. The re-
crystallization was performed in a Teflon-lined stainless steel autoclave
(50 mL capacity) at 170 °C. The samples after the recrystallization are
referred to as Sn-BEA-RC. Conventional Sn-BEA was hydrothermally
synthesized using HF, denoted as Sn-BEA-HF (Fig. S2a).

The XRD patterns of parent, dealuminated and recrystallized BEA
zeolites are displayed in Fig. 1. All the samples show two main features
at 20 = 7.5° and 20 = 22.4°, which are the characteristics of BEA zeo-
lites with mixed polymorphs [28,31,37]. No substantial decrease in
diffraction intensity is detected for the samples after dealumination and
Sn incorporation, indicating that the extraction of Al out from the fra-
mework does not cause significant change in the crystallinity. These
results also suggest that recrystallization of the Sn-BEA-PS samples
using TEABr and NH,4F does not form other zeolite phases. For both Sn-
BEA-RC and Sn-BEA-PS, no detectable diffraction peaks of SnO, at
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20 = 26.7° and 20 = 34° is observed, indicating a successful dispersion
of Sn within the samples (Fig. S2b).

As displayed in Fig. 2, the three Sn-BEA-RC samples show similar
morphologies to their corresponding parent Al-BEA zeolites. The parent
commercial Al-BEA is an aggregate of small particles with a size of tens
of nanometers. The parent 200 nm_Al-BEA synthesized using tetra-
ethylammonium hydroxide (TEAOH) exhibits a spherical morphology
composed of small sub-particles. The 3DOm-i_Al-BEA consists of an
aggregation of approximately 35nm zeolite nanocrystals assembled
into an ordered mesoporous structure. During dealumination of the Al-
BEA samples, subsequent Sn incorporation and recrystallization steps,
no significant change in morphology is observed, indicating that the
final products inherit the morphology of their parent zeolites after the
recrystallization step. The Si/Sn molar ratios of all Sn-BEA-PS and Sn-
BEA-RC samples are detected to be 125, according to ICP analysis. This
is indicative of no leaching of Sn atoms occurred during the re-
crystallization step. The porous structure of BEA is well retained after
the recrystallization process, evidenced by no difference in micropore
volume between the three Sn-BEA-RC samples and the corresponding
Sn-BEA-PS samples (Fig. S3 and Table S1). The BET surface area of
Com_Sn-BEA-RC, 200nm_Sn-BEA-RC and 3DOm-i Sn-BEA-RC is
498m?g~?, 569m?g " and 637 m?g~ !, respectively, indicating the
large external surface area for the nanocrystalline and hierarchical Sn-
BEA-RC samples. Furthermore, 3DOm-i_Sn-BEA-RC exhibits a hysteresis



H.J. Cho et al.

a
1.0

Open Snsite Closed Sn site
2316 2309 Si-OH

0.8 sn-BEA-HF /| 2,276

0.6

w
] ot 'Com_Sn-BEA-RC

Absorbance

T200nm_Sn-BEARC

0.2 , 3D0m-i_Sn-BEA-PS
1 HE—- 3DOm-i_Sn-BEA-RC
0.0 L :

2340 2320 2300 2280 2260

2240
b Wavenumber (cm™)
1.2 Lewis acid site (L)
B+L 1452
1.0 4 Brénsted acid site (B) Sn-BEA-HF

0.84 om_Sn-BEA-PS :
Com_Sn-BEA-RC

0.6
1200nm_Sn-BEA-

0.4

Absorbance

1 200nm_sn-BEA-RC

3DOm-i_Sn-BEA-PS

0.2 1
] 3DOm—i_Sn-BEW

0.0 T T T
1560 1520 1480 1400

1440

Wavenumber (cm”)

Fig. 3. FT-IR spectra of Sn-BEA-RC, Sn-BEA-PS and Sn-BEA-HF catalysts using
(a) deuterated acetonitrile (CD3CN) and (b) pyridine as probe molecules. The
spectra were collected after desorbing CD3;CN at 50 °C and pyridine at 200 °C,
respectively.

loop in the N, adsorption-desorption isotherm (Fig. S3), confirming that
the mesoporous structure in 3DOm-i_Sn-BEA is retained.

The presence of the framework Sn in the Sn-BEA samples is evi-
denced by deuterated acetonitrile (CD3CN) FT-IR, since this probe
molecule exclusively adsorbs on the isolated, tetrahedral Lewis acidic
center arising from the framework Sn [29,43]. As highlighted in Fig. 3a
and Fig. S4, three main bands are visible in the spectra. The feature at
2276 cm ! is assigned to the v (C=N) stretching mode of acetonitrile
adsorbed on silanol groups (Si—OH) [5,44]. In contrast, two bands at
2309 cm ™! and 2316 cm ™! correspond to the closed Sn site (four-fold
coordinated to the siliceous framework) and the open Sn site (three-fold
coordinated to the zeolite framework with one Sn—OH group),

Table 1
Peak ratio of open Sn sites to closed Sn sites in CD;CN FT-IR spectra.
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respectively [22,24,29,32,45]. It is found that Sn-BEA-HF exhibits at
least a 4-fold increase in the peak ratio of open Sn sites to closed Sn sites
as compared with Sn-BEA-PS (Fig. 3a, S4 and S5, and Table 1). This
observation is in good agreement with previous reports [24,30,44,46].
As listed in Table 1, the Sn-BEA-RC samples have higher peak ratios of
open Sn sites to closed Sn sites than the Sn-BEA-PS samples by factors
from 2.2 to 2.8, suggesting that the recrystallization method is able to
change Sn site environment, favoring the formation of open Sn sites.
Several efforts have been made so far to investigate the nature of active
Lewis acid sites on Sn-BEA. It was suggested that open Sn sites are the
dominant active sites for the BV reactions [7,47] and glucose iso-
merization [45,48,49]. On the other hand, it was proposed that closed
Sn sites are catalytically active sites in the MPV transfer hydrogenation
of 5-hydroxymethylfurfural and various ketones [46,50]. Therefore,
synthesizing Sn-BEA catalysts with tailorable ratios of open and closed
Sn sites is vital in controlling their catalytic property. The results re-
ported here suggest that the ratio of open and closed Sn sites might be
redistributed during the recrystallization process.

The Lewis acidity of the Sn-BEA samples is further confirmed by FT-
IR using pyridine as a probe molecule. Unlike CD3CN, pyridine is used
as a base titrant of Lewis acid sites, which does not distinguish open and
closed Lewis acid Sn sites [8,14,45]. As shown in Fig. 3b and Fig. S6,
the Sn-BEA-RC samples exhibit a strong absorption at 1452cm™?,
pointing to pyridine molecules bound with the Lewis acidic Sn sites
[51,52]. No significant absorption signal around 1545 cm ™! associated
with the Brgnsted acid is observed in the spectra [51,52]. All these
characterization results suggest that the three Sn-BEA-RC samples
provide mainly framework coordinated Sn atoms, which are responsible
for the Lewis acidity of the Sn-BEA samples.

In order to understand the Sn insertion and the hydrophobicity of
the formed Sn-BEA samples, the silanol defects in the Sn-BEA samples
before and after the recrystallization step are characterized by FT-IR. In
Fig. 4, the two bands at 3745 cm ™! and 3735 cm ™! are assigned to the
silanol groups on the external surface and inside the micropores of
zeolites, respectively [53,54]. The band around 3500 cm ™~ 1 corresponds
to the silanol nests [53]. The FT-IR results show that the recrystalliza-
tion route leads to significant reduction in the silanol nests of all three
Sn-BEA-RC samples. The reduction in the silanol defects might be due
to the role of fluoride as a mineralizing agent which can restructure the
silanol nests into fully coordinated silica structure. Interestingly, the
restructuring process requires the presence of TEA™, since the sole use
of NH,4F in the recrystallization results in complete collapse of the BEA
framework (Fig. S7). The essential role of TEA ™ is also supported by the
thermogravimetric analysis (TGA) as shown in Fig. S8 and Table S2,
which reveals that TEA™ is included in the as-made Sn-BEA-RC sam-
ples. These findings suggest that restructuring of the silanol nests
during the recrystallization step might be a concerted process with
TEA* and NH,4F via dissolution and recrystallization of the silica fra-
mework.

The effect of recrystallization time on the formation of Com_Sn-BEA-
RC from Com_Sn-BEA-PS is investigated. The XRD patterns of Com_Sn-
BEA-RC synthesized for long recrystallization times (4 and 7 days) show
a relatively low intensity for the XRD peak at 26 = 7.5°, compared with
the peak at 26 = 22.4° (Fig. S7 and Table S3). This is indicative of the
partial collapse of BEA structure with the long recrystallization time.
The TGA of the samples with varying the recrystallization time suggests
that the OSDA occluded in the as-made Com_Sn-BEA-RC samples

Peak ratio” Sn-BEA-HF Com_Sn-BEA-PS Com_Sn-BEA-RC

200 nm_Sn-BEA-PS

200 nm_Sn-BEA-RC 3DOm-i_Sn-BEA-PS 3DOm-i_Sn-BEA-RC

Open Sn/Closed Sn 1.67 0.39 0.91 0.39

0.85 0.33 0.92

2 Peak ratio of open Sn sites to closed Sn sites was obtained from peak deconvolution as shown in Fig. S5 and molar extinction coefficients of 1.04 cm pymol ~* and
2.04 cm pmol ~ ! for open Sn sites at 2316 cm ™! and closed Sn sites at 2309 cm ™ ?, respectively [45].
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at 60 °C oven for 16 h.
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Fig. 6. 2°Si MAS NMR spectra of (a) Com_Sn-BEA-PS, Com_Sn-BEA-RC and Si-
BEA-HF and (b) the corresponding peak deconvolution for their spectra.
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decreases from 16.5 wt% to 13.1 wt% (Fig. S8 and Table S2). The OSDA
located inside the as-made highly crystalline Sn-BEA-HF is 16.8 wt%.
Thus, we speculate that the decomposition of TEA molecules at 170 °C
contributes to the loss of crystallinity of Com_Sn-BEA-RC samples when
the crystallization time is longer than 2 days.

To understand the hydrophobic property of the Sn-BEA samples,
water vapor adsorption isotherms of Com_Sn-BEA-RC and Com_Sn-BEA-
PS samples were collected at 25 °C and compared with that of Sn-BEA-
HF. As displayed in Fig. 5a, Sn-BEA-HF reveals a lower water uptake,
and in turn a higher degree of hydrophobicity, in the entire range of
relative pressure (P/P,) than Com_Sn-BEA-RC and Com_Sn-BEA-PS
samples. This is explained by the low defect density of three types of
silanol groups (internal and external groups, and silanol nest) in Sn-
BEA-HF, as shown in Fig. 4. Com_Sn-BEA-RC exhibits a lower water
uptake in comparison with Com_Sn-BEA-PS, indicating that the re-
crystallization method does increase the hydrophobicity of the Sn-BEA
samples, which might be attributed to the reduced number of structural
defects [17,55].

TGA was also employed to characterize the hydrophobicity of the
Sn-BEA samples. Water-treated Sn-BEA zeolites were prepared by
mixing 20 mg of Sn-BEA samples with 0.4 mL of water at 90 °C for 1 h,
followed by drying at 60 °C for 16 h. Upon heating the water-treated Sn-
BEA samples, weakly bound physisorbed water desorbs below 100 °C
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(Fig. 5b), while strongly hydrogen-bonded water is gradually released
from the samples in the temperature range from ~110°C to ~400°C
[56-58]. The weight loss of Sn-BEA-HF is lower than that of Com_Sn-
BEA-RC and Com_Sn-BEA-PS, which is caused by the hydrophobic
nature of Sn-BEA-HF via the fluoride-assisted synthetic route. Com_Sn-
BEA-RC releases a lower amount of water than Com_Sn-BEA-PS in the
temperature range from ~110°C to ~400 °C, suggesting no strongly
hydrogen-bonded water in Com_Sn-BEA-RC. This is attributable to the
reduced silanol defects in Com_Sn-BEA-RC [59]. Com_Sn-BEA-RC and
Com_Sn-BEA-PS show weight loss above ~400 °C accounting for 1-3 wt
% of the samples, which is associated with the condensation of silanol
groups at an onset temperature between 400 °C and 700 °C [56-58].
Therefore, it can be concluded that the recrystallization method indeed
improve the hydrophobicity of the Sn-BEA samples. However, it is not
possible to eliminate all silanol defects by this method and make the
samples have the same number of defects as Sn-BEA-HF, which agrees
well with the FT-IR results (Fig. 4).

295i MAS NMR results of Si-BEA-HF, Com_Sn-BEA-PS and Com_Sn-
BEA-RC samples are shown in Fig. 6. Com_Sn-BEA-PS reveals a broad
Q* (Si(0Si)4) peak at —107 ppm, and a broad Q2 (SiOH(OSi)3) peak
centered at —97 ppm [60,61]. In contrast, Com_Sn-BEA-RC exhibits
two distinct Q* peaks and a much smaller Q® peak. This demonstrates
that the recrystallization process greatly reduced the silanol groups in
Com_Sn-BEA-PS, presumably making Com_Sn-BEA-RC more hydro-
phobic in nature due to fewer defects in the samples. The *°Si MAS
NMR spectrum of the reference sample Si-BEA-HF has three highly
distinct Q* peaks without a noticeable Q° peak, indicating a highly
crystalline sample with crystallographically distinct T-sites [38,62].
The chemical shifts of the Q* peaks of Si-BEA-HF match well with the
chemical shifts of the Q* peaks of Com_Sn-BEA-RC obtained from peak
deconvolution (Fig. 6b). A comparison of the 2°Si MAS NMR spectra
between Com_Sn-BEA-PS and Com_Sn-BEA-RC shows two major dif-
ferences: Com_Sn-BEA-RC possesses narrow and distinct Q* peaks with
a small Q> peak (Fraction of Q° peak area, i.e., Q*/(Q>+Q") = 0.04),
whereas Com_Sn-BEA-PS shows a wide Q* peak and significantly more
Q® contribution (Fraction of Q® peak area, i.e., Q*/(Q*+Q" = 0.18).
This NMR study indicates that the recrystallization process can reduce
the number of silanol defects.

The studies on the recrystallization step using XRD, SEM, FT-IR and
NMR suggest that the partial dissolution and restructuring of the silanol
defects of Sn-BEA-PS occur locally within the samples. The observation
of retaining the original morphology of parent zeolites is in contrast to
earlier reports where dramatic morphological changes of parent zeolites
were observed during a similar recrystallization process [63-73].
Hollow MFI crystals such as silicalite-1, ZSM-5 and TS-1 were synthe-
sized by recrystallizing conventional coffin-like MFI zeolites with tet-
rapropylammonium hydroxide (TPAOH) [64-68]. A hollow mor-
phology of SAPO-34 with CHA topology was obtained using TEAOH

a Fig. 9. Initial catalytic activities of Sn-BEA-HF, Sn-
20 BEA-PS and Sn-BEA-RC catalysts for lactose iso-
6 1 Lactose conv. [ Lactose conv. merization in (a) water and (b) MeOH, respectively.
7 Lactulose yield I Lactulose yield Reaction conditions are as follows: initial lactose
R ;@ 15 concentration of 1wt% and 0.5wt% in water and
9_*’/ g MeOH, respectively; a substrate to Sn molar ratio of
o © 20; 110°C at 2h (in water), and 90°C at 16h (in
2 > 10]
>‘: 5 10 MeOH).
< z
° |
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[63]. By tailoring recrystallization parameters, mesoporous zeolites
were also synthesized from conventional ones by the recrystallization
method [69-73]. The morphological difference between the parent
zeolites and the recrystallized zeolites is presumably controlled by the
recrystallization kinetics which entails the partial dissolution of zeolite
frameworks, the formation of zeolite precursors and their growth on the
surface of the parent zeolites. During the recrystallization process for
making the Sn-BEA-RC samples, the dissolution rate is likely similar to
the restructuring rate of the silanol defects. If the former is much faster
than the latter, the morphology of recrystallized zeolites would be no-
ticeably different from that of the parent zeolites. In addition, the
steam-assisted recrystallization conditions employed in this re-
crystallization process may also contribute to retain the morphology of
the Sn-BEA-RC samples from the parent Sn-BEA samples, because only
limited amount of water can participate in the recrystallization through
vapor phase at 170 °C in the SAC experimental set-up. The highly dense
synthesis mixture could limit the mass transport of the solid and hinder
the event of new nucleation as well as substantial morphology change.

Glucose isomerization in water is used to study the catalytic prop-
erty of Sn-BEA-RC, Sn-BEA-PS and Sn-BEA-HF samples. It is generally
known that glucose undergoes isomerization to generate fructose via an
intramolecular 1,2 hydride shift reaction over Sn containing zeolite
catalysts [19]. As shown in Fig. 7, under identical conditions Sn-BEA-
HF produces a fructose yield of 23.7%, whereas the three Sn-BEA-PS
catalysts show a similar fructose yield of 6.1%, revealing that the Sn-
BEA catalysts prepared through the post-synthetic route are less active
than the hydrophobic Sn-BEA-HF. This result is consistent with pre-
vious literature [17,74], confirming that the hydrophilic environment
arising from highly defective surface is detrimental for the catalytic
activity of Sn-BEA catalysts. Notably, three Sn-BEA-RC catalysts display
a fructose yield of ~14.8%, which is 2.5 times higher than three Sn-
BEA-PS samples, but still lower than Sn-BEA-HF. This is evident that Sn-
BEA-RC catalysts are more active than Sn-BEA-PS catalysts, presumably
due to the lower density of silanol defects in Sn-BEA-RC samples and
different Sn site structures (Figs. 4 and 6). Regardless of the mor-
phology of Sn-BEA-RC samples, comparable catalytic activities are de-
tected. These observations are also found from three Sn-BEA-PS cata-
lysts. This result suggests that diffusion limitation is not a major factor
for the isomerization of glucose over Sn-BEA catalysts under these re-
action conditions.

To gain further insights into the effects of surface properties of the
Sn-BEA catalysts on their catalytic property, MeOH is chosen as a sol-
vent for glucose isomerization. Interestingly, the three Sn-BEA-RC cat-
alysts produce comparable product yields to Sn-BEA-HF, which display
much higher catalytic performances than the Sn-BEA-PS catalysts
(Fig. 8). These results suggest that the difference in hydrophobicity
between Sn-BEA-RC and Sn-BEA-HF is not critical for the glucose iso-
merization in MeOH. The effect from the solvent is not fully understood
yet. This might be due to the different dielectric constants of MeOH and
water, and MeOH favors physical interaction with non-polar siloxane
bonds (Si—0—Si) of the Sn-BEA-RC and Sn-BEA-HF catalysts
[17,55,75-77]. In addition, this observation might also be ascribed to
different MeOH adsorption properties to the Sn sites of the Sn-BEA
samples [17,74,75].

Furthermore, catalytic activities of the Sn-BEA-RC catalysts for
bulky lactose isomerization are explored, and compared with those of
the Sn-BEA-PS and Sn-BEA-HF catalysts. Lactose is a sugar dimer built
of galactose and glucose units linked via a B (1-4) glycosidic bond (Fig.
S9), which serves as a precursor for sugar derivatives such as sugar
acids and sugar alcohols in food and pharmaceutical industries [78].
Previous studies have shown that Sn-BEA zeolites catalyze the iso-
merization of lactose into lactulose [36,78,79]. In aqueous lactose
isomerization, the three Sn-BEA-PS catalysts show lactulose yield in the
following order: 3DOm-i_Sn-BEA-PS > 200 nm_Sn-BEA-PS > Com_Sn-
BEA-PS (Fig. 9a). This result indicates that the small particle size and
hierarchical structure might facilitate the access of lactose to the active
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sites, resulting in their enhanced catalytic properties. This observation
is different from the aqueous glucose isomerization where these three
catalysts exhibit similar catalytic performance. It is likely that diffusion
limitation in the Sn-BEA catalysts becomes crucial for the aqueous
lactose isomerization owing to the bulky size of lactose compared to
glucose. More importantly, the recrystallization of the Sn-BEA-PS fur-
ther improves the catalytic property for the Sn-BEA samples. The three
Sn-BEA-RC catalysts produce higher lactulose yields than their corre-
sponding Sn-BEA-PS catalysts by a factor of 1.8-2.5, which confirms the
key role of the hydrophobicity of Sn-BEA catalysts for the bulky sugar
isomerization in water. Notably, Sn-BEA-HF and 3DOm-i_Sn-BEA-RC
samples catalyze the lactose isomerization to a similar extent although
the particle size of former is much larger than the domain size of the
latter. This suggests the catalytic property of Sn-BEA catalysts for the
isomerization of lactose is regulated by both the hydrophobicity and the
mass transport property of the catalysts. Hierarchical 3DOm-i_Sn-BEA-
RC provides improved mass transport for the reaction, however, its
hydrophobicity is still lower than that of Sn-BEA-HF. Interestingly,
when switching solvent from water to MeOH, 3DOm-i_Sn-BEA-RC
achieves 3.2 times higher reaction rate than Sn-BEA-HF (Fig. 9b). In this
case, the hydrophobicity of the Sn-BEA catalysts appears less crucial for
the isomerization of lactose in MeOH. The enhanced product yields on
3DOm-i_Sn-BEA-RC can be interpreted by the reduced diffusion lim-
itation of lactose within the hierarchically structured catalyst.

4. Conclusions

Hydrophobic Sn-BEA zeolites with different morphologies were
successfully synthesized by the recrystallization of highly defective Sn-
BEA samples (Sn-BEA-PS) using NH,F and TEABr. During the re-
crystallization step, the defects of Sn-BEA-PS samples are reduced,
likely due to the rearrangement of the defects within the samples. The
reduced density of silanol defects mitigates the interaction between the
catalysts and water, rendering Sn-BEA-RC samples more hydrophobic
than Sn-BEA-PS samples. The Sn-BEA samples fabricated by the re-
crystallization method inherit the morphology of their parent Al-BEA
samples, thereby providing a versatile approach to control the mor-
phology of Sn-BEA. The nanocrystalline and hierarchical Sn-BEA cata-
lysts by the recrystallization method are superior for the reactions in-
volving bulky molecules because of the improved hydrophobicity and
mass transport property. The recrystallization method is a simple and
reliable strategy to enhance the hydrophobic property of Sn-BEA cata-
lysts with tailored morphologies.
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