
Chemical Engineering Journal xxx (2013) xxx–xxx
Contents lists available at SciVerse ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier .com/locate /cej
A rapid synthesis route for Sn-Beta zeolites by steam-assisted conversion
and their catalytic performance in Baeyer–Villiger oxidation

Zihua Kang a, Xiongfu Zhang a,⇑, Haiou Liu a, Jieshan Qiu a, King Lun Yeung b,c

a State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of Technology, Dalian 116024, PR China
b Department of Chemical and Biomolecular Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong Special Administrative Region
c Division of Environment, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong Special Administrative Region
h i g h l i g h t s

" A steam-assisted conversion (SAC)
method is used to rapidly synthesize
Sn-Beta zeolites.

" Sn-Beta zeolites with high
crystallinity and BEA topology could
successfully be synthesized by SAC
method.

" The Sn-Beta by SAC method can
demonstrate good catalytic activity
for cyclohexanone oxidation with
30% H2O2.
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A steam-assisted conversion (SAC) method was used to rapidly synthesize Sn-Beta zeolites with high
crystallinity and yield. The Sn-Beta zeolites could exhibit good catalytic activity for Baeyer–Villiger
(B–V) oxidation reaction of cyclohexanone to e-caprolactone using aqueous H2O2 (30%) as oxidant.
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Sn-Beta zeolites were prepared by a rapid and clean steam-assisted conversion (SAC) method from dry
stannosilicate gel. The amorphous gel was converted to highly crystalline Sn-Beta within 5 h at mild reac-
tion temperature of 453 K. The properties of the as-prepared samples were characterized by XRD, SEM,
FT-IR, UV–Vis, UV-Raman, ICP and N2 adsorption. A high gel conversion to BEA can be obtained with
Sn4+ inserted in the zeolite framework. The SAC method was successfully used to produce pure silica Beta
zeolite (Si/Sn =1) to Sn-Beta zeolite with 3.8 wt.% SnO2 (i.e., Si/Sn = 83). The Sn-Beta prepared by SAC
method is an efficient catalyst for Baeyer–Villiger (B–V) reaction of cyclohexanone to e-caprolactone.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Tin-containing zeolites are of considerable interest due to their
unique chemistry and applications [1–4]. The Sn-Beta zeolite
ll rights reserved.
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having large 3D pore structure is shown to be very active and
chemoselective catalyst for many important organic reactions [5],
such as Baeyer–Villiger (B–V) oxidation [6], Meerwein–Ponndorf–
Verley (MPV) reduction [7], Oppenauer oxidations [8] as well as
sugar conversion to lactic acid derivatives [9], isomerization of
glucose to fructose [10] and conversion of carbohydrates to
5-(hydroxymethyl)-furfural (HMF) [11]. The conventional
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preparation of Sn-Beta is via hydrothermal synthesis in fluoride
system [6–11]. Seeds are often required and are prepared by dea-
lumination of nano-sized Al-Beta zeolites with concentrated nitric
acid. Besides the lengthy synthesis time, the use of hydrofluoric
acid as mineralizer produces unwanted pollutions and hazards.
Furthermore, it is often difficult to adjust the H2O/SiO2 ratio when
silicon alkoxides are used as the removal of alcohol also evaporates
water that often leads to poor synthesis reproducibility [12–16].
Thus, the process is energy intensive and difficult to scale-up.
Recently, Li et al. [17] have reported an alternative route for pre-
paring of Sn-Beta zeolite by a solid–gas reaction of dealuminated
Al-Beta zeolite at high temperature. The process although attrac-
tive is complex as well as very energy intensive.

This work explores the possibility of preparing Sn-Beta zeolites
by steam-assisted conversion (SAC) method. This method trans-
forms a precursor gel into porous crystalline zeolites [18–20],
molecular sieves [21–25] and metal organic frameworks (MOFs)
[26] using steam. SAC method is characterized by rapid synthesis
[18,27,28] at milder conditions of pH and temperature, while
requiring less SDA and thus generating less waste than the conven-
tional hydrothermal synthesis route. There is no prior report on the
preparation Sn-Beta by SAC method, and this work aims to inves-
tigate the synthesis of active Sn-Beta catalyst for Baeyer–Villiger
(B–V) oxidation of cyclohexanone to e-caprolactone.
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2. Experimental

2.1. Synthesis

Sn-Beta zeolites were prepared according to Scheme 1. A wet
gel was first prepared from fumed silica powder (SiO2, 99.8%,
Shenyang Chemical Co. Ltd.), SnCl4�5H2O (98%, Tianjin Kermel
Chemical Reagent Co. Ltd.), tetraethylammonium hydroxide (TEA-
OH, 40%, Zhejiang Kente Chemical Co., Ltd.) and NH4F (98%, Tianjin
Kermel Chemical Reagent Co. Ltd.). Following careful drying at
333 K for 6 h, a dry gel with a composition of 1 SiO2: 0.27 (TEA)2:
0.002–0.012 SnO2: 0.54 NH4F: 7.5 H2O was obtained. The 2 g dry
stannosilicate gel was ground into powder and placed in a home-
made autoclave that prevents water condensation on the dry gel
during the steam-assisted conversion process. This precaution al-
lows reproducible gel composition to be obtained. 1.5 mL water
was added to the autoclave and the steam was generated at
453 K. Products were obtained following 3–6 h of treatment and
were washed and dried at 383 K for 8 h prior air calcination at
823 K for 6 h to remove the organic template.

Sn-Beta zeolite with Si/Sn = 120 was prepared by conven-
tional method according to the procedure reported by Corma
et al. [6]. The synthesis was carried out in a fluoride system
using TEOS (98%, Tianjin Kermel Chemical Reagent Co. Ltd.) as
l
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eolite preparation by SAC method.

ferent crystallization time: (a) 0 h, (b) 2 h, (c) 4 h, and (d) 6 h.
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the silica source, SnCl4�5H2O, TEAOH, and HF (48%, Shenyang
Chemical Co. Ltd.). The TEOS was hydrolyzed in an aqueous
solution of TEAOH with stirring before adding the SnCl4�5H2O
solution. The gel was aged with stirring until all ethanol from
the hydrolysis of TEOS had evaporated. HF was then added,
resulting in a viscous gel containing 1 SiO2: 0.0083 SnO2: 0.54
TEAOH: 0.54 HF: 7.5 H2O. This gel was transferred to a Tef-
lon-lined stainless steel autoclave and heated to 413 K. After
20 days of crystallization, the product was recovered by filtra-
tion and thoroughly washed with water before drying overnight
at 373 K. The zeolite was then calcined in air at 853 K for 6 h to
obtain Sn-Beta-HTS (120) sample.
5 10 15 20 25 30 35 40 45 50

In
te

ns
ity

2θ (deg.)

i

ii 

a

2.2. Characterization

The Sn-Beta zeolites were examined by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and nitrogen physi-
sorption to obtain the structural and textural data on the zeo-
lites. The chemistry and elemental composition of the Sn-Beta
zeolites were determined by UV–Vis, FTIR, UV-Raman and ICP-
AES methods. Powder X-ray diffractograms were collected by
Philips Analytical X-ray diffractometer using the Cu Ka radiation,
operating at 30 kV and 30 mA. The synthesis product powder
was examined by scanning electron microscope (FEI Quanta
650) after coating with a thin layer of Au-Pd to prevent sample
charging. N2 physi-adsorption isotherms were measured by
Autosorb-1 (Quantachrome Instruments) at 77 K. Prior to the
measurements, the sample was degassed at 473 K for at least
6 h. Fourier-transform infra-red spectra (FT-IR) of the product
were taken on a Nicolet-5DX spectrometer at room-temperature.
The samples were ground with KBr powder, pressed into thin
wafers and dried at 393 K for 1 h in air before analysis. The
diffuse reflectance UV–Vis spectra were recorded in the range
200–600 nm in a Shimadzu V-550 spectrometer using BaSO4 as
reference standard. UV-Raman spectra were recorded on a DL-2
Raman spectrometer. A 244-nm laser line of LEXEL LASER
(95-SHG) was used as the excitation source. Acton triple mono-
chromator was used as the spectrometer for Raman scattering.
The spectra were collected by a Prinston CCD detector. The ele-
mental composition of the samples was analyzed by using
inductively-coupled plasma, atomic emission spectrometer (ICP-
AES, Optima 2000DV).
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Fig. 2. (a) XRD patterns of (i) Sn-Beta (125), (ii) dry gel; (b) N2 sorption isotherms of
Sn-Beta (125) zeolite (The insert provides the micropore pore size distribution (HK
method) of the Sn-Beta zeolite with sharp peak at 0.56 nm).
2.3. Baeyer–Villiger (B–V) oxidation reaction

The Baeyer–Villiger oxidation of cyclohexanone to e-caprolac-
tone using H2O2 as liquid oxidant was performed in a round-bot-
tom flask (50 mL) fitted with a condenser and a magnetic stirrer.
1.08 g cyclohexanone (>99.5%, Tianjin Kermel Chemical Reagent
Co. Ltd.) dissolved in 30.0 g dioxane (>99.5%, Tianjin Kermel
Chemical Reagent Co. Ltd.) was reacted with 1.59 g hydrogen
peroxide (30% Sinopharm Chemical Reagent Co. Ltd.) using 0.5 g
catalyst at a reaction temperature of 363 K. The temperature
was maintained by a recirculating water bath and reflux unit,
and metered amount of the reaction mixture were obtained at
regular intervals for analysis by gas chromatograph, a GC7890F
from Shanghai Techcomp Ltd. The gas chromatograph was
equipped with a capillary column (HP-5 column, l5 m �£

0.32 mm � 0.5 lm) and a flame ionization detector. A study of
catalyst recovery and regeneration was carried out for the Sn-
Beta(125) sample. The catalyst was washed 2 times with dioxane
(catalyst/dioxane = 1:30 g g�1) after each run, and put into a new
reaction solution. The recovered catalyst was dried and re-cal-
cined at 823 K for 6 h under air before its reuse in subsequent
catalytic runs.
Please cite this article in press as: Z. Kang et al., A rapid synthesis route for Sn-B
in Baeyer–Villiger oxidation, Chem. Eng. J. (2013), http://dx.doi.org/10.1016/j.c
3. Results and discussion

3.1. Sn-Beta zeolite by SAC method

Fig. 1 shows the transformation of stannosilicate gel to Sn-Beta
zeolites during steam-assisted crystallization process. Crystalline
solids with regular facets (Fig. 1b) are crystallized from the amor-
phous gel (Fig. 1a) after 2 h of steam reaction. The amorphous
phase disappeared after 4 h into the reaction and complete trans-
formation of the amorphous gel particles into crystalline zeolite
crystals is observed after 6 h.

Powder X-ray diffraction in Fig. 2a shows that the initial dry gel
(amorphous) is completely transformed into Sn-Beta in 6 h by SAC
method at the reaction temperature of 453 K. The Sn-Beta(125)
sample (Note: 125 represents feed SiO2/SnO2 = 125 in dry gel)
displays typical BEA diffraction pattern [6,29,30]. Only Sn-Beta
zeolite is formed and no other crystalline phases such as SnO2

are observed. This suggests that SAC method can produce Sn-Beta
zeolite of high purity and crystallinity. The absence of amorphous
phase in SEM and PXRD indicates that the gels were complete
transformed into the uniform-sized Sn-Beta zeolites (6 ± 1 lm).
The nitrogen adsorption–desorption isotherms of Sn-Beta(125) in
Fig. 2b is mainly that of microporous zeolites, but for a slight hys-
teresis loop that could arise from the aggregation of the zeolite
nanocrystals [31,32]. Indeed a bimodal distribution can be ob-
served from this sample with the main pore size centered at
around 0.56 nm.
eta zeolites by steam-assisted conversion and their catalytic performance
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Fig. 4. XRD patterns of the Sn-Beta samples with different SiO2/SnO2 ratios: (a) Si-
Beta, (b) 500, (c) 250, (d) 125, (e) 100, (f) 83 and (g) 75.
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There is general consensus that the isolated Sn(IV) atoms in the
Sn-Beta zeolite framework are responsible for its excellent cata-
lytic activity and selectivity for selective oxidation reactions. The
IR band at ca. 960 cm�1 in the FT-IR spectrum is often taken as
an indication of tin substitution into the zeolite framework
[33–35] The FTIR spectrum of Sn-Beta(125) in Fig. 3a displays an
absorption band at ca. 960 cm�1 (cf. Fig. 3a-(ii)) that is absent in
the pure silica Si-Beta (Fig. 3a-(i)). Similarly, only Sn-Beta(125)
shows an absorption band in UV–Vis spectra (Fig. 3b-(iii)) at the
wavelength region of 210–220 nm originating from the isolated
Sn atoms in the zeolite framework [33] The SnO2 (Fig. 3b-(i)) and
calcined dry gel (Fig. 3b-(ii)) have a broad absorbance at ca.
250–280 nm assigned to extra-framework Sn species and/or SnO2

crystal phases [34]. This means that there are no extra-framework
tin species in Sn-Beta(125) prepared by SAC method. UV Raman
spectroscopy has high sensitivity for transition metals in zeolite
framework [36] and can detect very small amounts of these metals
in zeolites. Fig. 3c shows the UV Raman spectra of SnO2, Si-Beta
and Sn-Beta using a 244 nm light source that is close in energy
to the charge transfer band of Sn-Beta at 210 nm. Characteristic
bands at 324, 344, 400, 428, 468 and 825 cm�1 belonging to zeolite
Beta are observed in both Sn-Beta(125) (Fig. 3c-(ii)) and Si-Beta
(Fig. 3c-(iii)) samples [22,37]. The strong Raman band at
705 cm�1 is found in Sn-Beta(125) and not in Si-Beta and is attrib-
uted to the substitution of tin atoms for silicon in the zeolite
framework. The SnO2 phase is not observed in the Raman spectrum
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Fig. 3. (a) FT-IR spectra of (i) Si-Beta, (ii) Sn-Beta(125); (b) UV–Vis spectra of (i) SnO2, (ii)
SnO2, (ii) Sn-Beta(125), (iii) Si-Beta.

Please cite this article in press as: Z. Kang et al., A rapid synthesis route for Sn-
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of the Sn-Beta(125) prepared by SAC method despite having a high
Sn loading of 3.81 wt.% SnO2. This suggests that, at least up to the
detection limit of Raman spectroscopy, the samples do not appear
to have extra-framework SnO2.
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Table 1
Properties of the Sn-Beta samples obtained by SAC method.

Sample Time Structurea SiO2/SnO2 ratio BET surface areac (m2 g�1) PVd (ml g�1)

Dry gel Productb

Si-Beta 3 h BEA (100) 1 1 500.5 0.208
Sn-Beta(500)e 3 h BEA (95.7) 500 490.1 475.4 0.188
Sn-Beta(250) 4 h BEA (93.2) 250 189.2 453.4 0.187
Sn-Beta(125) 5 h BEA (82.6) 125 93.0 440.0 0.157
Sn-Beta(100) 24 h BEA (77.5) 100 80.0 421.6 0.147
Sn-Beta(83) 60 h BEA (69.6) 83 64.1 303.7 0.116
Sn-Beta(75) 200 h Amorphous 75 75.0 – –
Sn-Beta-HTS(120)f 20 days BEA (86.7) 120 128.1 467.0 0.203

a XRD analysis. The number in the parentheses indicates the relative crystallinity.
b Determined by ICP.
c Specific surface area given by N2 adsorption at 77 K.
d PV, micropore volume.
e Sn-Beta(500) represents feed SiO2/SnO2 mole ratio = 500.
f Prepared by conventional hydrothermal synthesis at 413 K for 20 days (feed SiO2/SnO2 = 120).
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3.2. Catalytic Sn-Beta zeolite

The catalytic properties of metallosilicates depend on the
concentration and coordination of heteroatoms within the zeolite
structure and the degree of isomorphous substitution is dictated
by the zeolite topology, heteroatom chemistry and synthesis
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Fig. 5. (a) FT-IR spectra of (i) Si-Beta, (ii) Sn-Beta(500), (iii) Sn-Beta(250), (iv) Sn-Beta(125
Sn-Beta samples with different SiO2/SnO2 ratios: (i) Si-Beta, (ii) 500, (iii) 250, (iv) 125, (
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methodology [38–41]. Thus, it is important to examine the prepa-
ration of Sn-Beta zeolites with varying amount of Sn loading by
SAC method. Stannosilicate dry gels containing different amount
of SnO2 were prepared and transformed by SAC method. The PXRD
patterns in Fig. 4 shows that all the Sn-Beta zeolites with SiO2/SnO2

ratios P 83 display only the characteristic diffraction peaks of BEA.
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Fig. 6. SEM images of the Sn-Beta samples with different SiO2/SnO2 ratios: (a) 500, (b) 250, (c) 125 and (d) 100.

Table 2
Catalytic properties of the Sn-Beta samples obtained by SAC methoda.

Entry Catalyst Tin contant (SnO2 wt.%)b Cyclohexanone conv (%)c Lactone sel (%)d

1 Si-Beta 0.00 0.0 0.00
2 Sn-Beta(500) 0.51 17.1 98.85
3 Sn-Beta(250) 1.31 24.8 98.01
4 Sn-Beta(125) 2.63 27.9 99.74
5 Sn-Beta(100) 3.06 36.1 99.48
6 Sn-Beta(83) 3.81 23.6 99.01
8 Sn-Beta-HTS(120) 1.91 32.3 99.95

a Reaction conditions: Cat., 500 mg; cyclohexanone, 10 mmol; H2O2(30 wt.%), 15 mmol; dioxane, 30 mL; temp, 363 K; time, 3 h.
b Determined by ICP–AES.
c Conversion = (moles of ketone converted)/(initial moles of ketone) � 100.
d Selectivity = (moles of product)/(moles of ketone reacted)�.
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Increasing tin loading slows the crystallization process and lead to
lower crystallinity (Table 1). It is not possible to convert stannosi-
licate dry gel with SiO2/SnO2 ratios 6 75 into Sn-Beta even after
200 h of crystallization (Fig. 4g). Comparing the crystallinity of
Sn-Beta zeolites to Si-Beta sample (100% crystallinity), Sn-
Beta(500), Sn-Beta(250), Sn-Beta(125), Sn-Beta(100) and Sn-
Beta(83) have relative crystallinity to Si-Beta of 96%, 93%, 83%,
78% and 70%, respectively. Similar observations were made during
substitution Ti in MFI zeolite framework wherein there appears a
maximum to the amount of titanium that can be substituted into
the zeolite framework regardless of the synthesis route [42,43]. Ta-
ble 1 summarizes the crystallinity and textural properties (i.e., spe-
cific BET surface area and average pore volume) of the Sn-Beta
zeolites. The table also lists the SiO2/SnO2 ratio in the stannosili-
cate dry gel and the actual SiO2/SnO2 ratio in the crystallized Sn-
Beta according to ICP-AES analysis. The SnO2 content of the zeolite
increases with the SnO2 content of the dry gel.

The FTIR, UV–Vis and UV Raman spectra of the Sn-Beta zeolites
prepared by SAC method are plotted in Fig. 5. All Sn-Beta zeolites
Please cite this article in press as: Z. Kang et al., A rapid synthesis route for Sn-
in Baeyer–Villiger oxidation, Chem. Eng. J. (2013), http://dx.doi.org/10.1016/j.c
display an IR absorption band at ca. 960 cm�1 that is absent in
the pure silica Si-Beta (i), indicating that Sn are mostly incorpo-
rated into the zeolite framework (Fig. 5a). The intensity of the band
increases with Sn substitution. Fig. 5b shows that all the Sn-Beta
zeolites have an absorption band at 210–220 nm in their UV–Vis
spectra. The 210 nm band is from the charge transfer from O2� to
the tetrahedral coordinated Sn4+ dispersed in the zeolite frame-
work, and is a characteristic of Sn-substituted molecular sieves
[44]. The intensity of this band increases with higher tin loading.
SnO2 has a broad absorption band in 250–280 nm region as shown
in Fig. 5b-(vii). A weak band in 260 nm region is observed in Sn-
Beta(83) sample (Fig. 5b-(vi)), the shoulder at 260 nm probably
corresponds to partially polymerized hexa-coordinated Sn-O-Sn
species. This conjecture can be well supported by the similar band
observed in the Ti-containing zeolites[45–47]. The UV Raman spec-
tra of the Sn-Beta zeolites in Fig. 6c display bands associated to the
four- (468 cm�1), five- (324 and 344 cm�1), six-membered rings
(400 and 428 cm�1) of the BEA zeolite lattice [22]. Except for Si-
Beta (i), all the SAC-crystallized Sn-Beta zeolite has an absorption
Beta zeolites by steam-assisted conversion and their catalytic performance
ej.2012.12.019
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band at ca. 705 cm�1 for Sn substituted in the zeolite lattice. The
characteristic bands of SnO2 are not observed even for the Sn-
Beta(83) sample indicating that at least up to the detection limit
of UV Raman, there is no significant amount of extra-framework
SnO2 in Sn-Beta zeolites prepared by SAC method. All the Sn-Beta
samples have shown only modes of a fully condensed lattice that
are assigned to five-membered rings (324 and 344 cm�1), six-
membered rings (400 and 428 cm�1), and four membered rings
(468 cm�1), indicating that all the samples have BEA structure
[22,36]. However, all the crystallized sample has an absorption
band at ca. 705 cm�1 that is absent in the pure silica Si-Beta (a),
which may be caused by most Sn species are incorporated into
the zeolite framework.

Tin substitution in the zeolite lattice affects the crystallization
rate of Sn-Beta zeolite with the stannosilicate dry gels containing
more Sn being more difficult to crystallize and consequently
having more amorphous phase and smaller zeolites as products
as shown in Fig. 6. Similar observation is made for the synthesis
of other metal-substituted zeolites [31,33,35]. However, SAC-
method has the advantage over conventional fluoride synthesis
method for Sn-Beta zeolites in that pure phase Sn-Beta zeolites
having higher SnO2 loading can be obtained at significantly
shorter preparation time. Complete conversion can be obtained
with near zero waste generation at significantly less energy
expenditure.
3.3. Baeyer–Villiger (B–V) oxidation reaction

The Sn-Beta zeolites prepared by SAC method and the Sn-Beta-
HTS(120) prepared by the conventional route were used as catalyst
for the Baeyer–Villiger (B–V) oxidation of cyclohexanone with
aqueous H2O2 (30 wt.%) to e-caprolactone. Table 2 summarizes
the results of the reaction study over a reaction time of 3 h. Si-Beta
is inactive for the reaction and the catalytic activity of Sn-Beta zeo-
lites increases with Sn content.

The lower conversion of Sn-Beta(83) could be due to the
presence of polymerized hexa-coordinated Sn-O-Sn species from
the UV–Vis spectrum, but is more likely due to poorer crystallinity.
The amorphous phase present in the sample could also block
access to the active sites within the zeolitic pores. Indeed, Sn-
Beta(83) displays the lowest BET surface area and pore volume
among the Sn-Beta zeolites prepared by SAC method. All Sn-Beta
catalysts are more than 98% selective for e-caprolactone. These
results confirmed that SAC method can prepare Sn-Beta containing
highly dispersed Sn species substituted within the zeolite frame-
work. Sn-Beta-HTS(120) prepared by conventional route has high-
er tin loading, surface area and pore volume, and better catalytic
activity compared to Sn-Beta(125) and Sn-Beta(250) prepared by
SAC method. The highest conversion was obtained from Sn-
Beta(100) prepared by SAC method with SnO2 content of 3.1 wt.%.

Catalyst deactivation and regeneration were investigated for
Sn-Beta(125) prepared by SAC method as shown in Fig. 7. The cat-
alyst was used to catalyze B–V oxidation of cyclohexanone at 363 K
with each reaction run lasting 12 h. The catalyst was recovered
after each run, washed with the solvent and reused immediately
in the next reaction run. Progressive decrease in reaction conver-
sion is observed after each reaction run. At the end of run 4, a reac-
tion conversion of 37% was obtained compared to 49% in run 1.
Although catalyst lost between runs is unavoidable, it is estimated
to account for only 5% drop in the reaction conversion. Sn-
Beta(125) was then recovered, washed and calcinaed in air at
823 K. The last step is to remove any strong adsorbed organics
from the zeolite pores. Elemental analysis indicates that Sn content
and textural properties of the Sn-Beta(125) remained unchanged. A
conversion of 42% was obtained from the regenerated catalyst.
Please cite this article in press as: Z. Kang et al., A rapid synthesis route for Sn-B
in Baeyer–Villiger oxidation, Chem. Eng. J. (2013), http://dx.doi.org/10.1016/j.c
4. Conclusions

In summary, Sn-Beta zeolites of both high crystallinity and yield
have been successfully synthesized by a simple steam-assisted
conversion method. The prepared Sn-Beta zeolites are active and
selective for Baeyer–Villiger (B–V) reaction of cyclohexanone to
e-caprolactone. The SAC method is not only faster and more conve-
nient, but also cleaner and less energy intensive than the conven-
tional method. Furthermore, it is possible to prepared Sn-Beta with
higher Sn loading using SAC method. Sn-Beta zeolites prepared by
SAC have higher Sn-dispersion and substitute in the zeolite lattice.
This facile, rapid and efficient synthesis method is expected to pro-
vide an economical and scaleable for the industrial application of
Sn-Beta zeolite large scale production. Furthermore, this method
could provide an alternative route for shaping zeolites for applica-
tions in membranes and micro chemical systems [48–52].
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