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ABSTRACT: We report a heterogeneous catalysis strategy to the sustainable hydration of epoxides by designing robust Lewis acid
catalysts confined in zeolite cages as natural shape-selective nanoreactors. In the case of ethylene oxide hydration, Sn-H-SSZ-13
zeolite exhibits remarkable catalytic performance, with an ethylene oxide conversion above 99 % and a monoethylene glycol selec-
tivity above 99 %, at approaching stoichiometric water/ethylene oxide ratios and near-ambient reaction temperatures. It is theoreti-
cally revealed that partially hydroxylated Sn species are the preferred Lewis acid sites for the hydration of ethylene oxide. The con-
cept of Lewis acid catalysis confined in zeolite cages may be applied in the future in the chemical industry to develop energy-

saving and environmentally-benign processes.

KEYWORDS: Lewis acid catalysis, Sn-H-SSZ-13, shape-selective, epoxide hydration, partially hydroxylated Sn species

s INTRODUCTION

1,2-Diols, e.g. monoethylene glycol (MEG) and 1,2-propylene
glycol (PG), are essential ingredients for the production of
polyester fibers and resins, engine coolants and antifreeze,
etc.' MEG is one of the most important diols and its global
demand could be above 28 million tons per year by 2015.7
Currently, the industrial production of MEG, similar to other
diols, predominantly involves the liquid-phase thermal hydra-
tion of ethylene oxide (EO) at 423~493 K and a large excess
of water (H,O/EO = 20~25) is employed in the actual opera-
tion to obtain a high conversion of EO as well as a high selec-
tivity to MEG. In this context, a diluted aqueous MEG solu-
tion is produced and huge energy is required for the distillation
of the final product from the diluted solution, making EO hy-
dration one of the most energy-intensive processes in the
chemical industry with energy consumption of above 6 giga-
joules per ton MEG.

Catalytic hydration could provide an alternative energy-
saving process for the production of MEG from EO. In the
past decades, a variety of acids or bases, e.g. phosphorous-
based halides,” cation- or anion-exchange resins,® supported
metal oxides’ and amines®, have been explored as possible
homogeneous or heterogeneous catalysts for the hydration of
EO. Despite current achievements, high H,O/EO ratios are
still required, in most cases, to suppress the formation of di-
ethylene glycol (DEG) and triethylene glycol (TEG), i.e. by-
products from self-condensation of MEG, at high EO conver-
sions. Recently, a key breakthrough has been made by the
exploitation of Co'"'(salen) encapsulated in silica-based nano-

reactors as an efficient immobilized homogeneous catalyst for
epoxide hydration at approaching stoichiometric H,O/EO rati-
os and low reaction temperatures.” Immobilized homogeneous
catalysts via other strategies, e.g. Cat-in-a-cup concept,’ might
also be applied in EO hydration. However, the stability of the
immobilized homogeneous catalyst should be a problem and
the complex catalyst system as well as complicated prepara-
tion procedures might further hinder its industrial application.

In this study, we will demonstrate a heterogeneous catalysis
strategy to the sustainable hydration of epoxides, i.e. Lewis
acid catalysis confined in zeolite cages. The high selectivity to
the desired product is guaranteed by using zeolite cages as
natural shape-selective nanoreactors. Meanwhile, a high rate
of epoxide hydration is achieved with robust Lewis acid catal-
ysis. In the specific case of EO hydration, an EO conversion
above 99 % with a MEG selectivity above 99 % can be ob-
tained simultaneously at approaching stoichiometric H,O/EO
ratios and near-ambient reaction temperatures, making it readi-
ly for a large-scale application as a most energy-saving and
environmentally-benign process for MEG production. The
concept of Lewis acid catalysis confined in zeolite cages can
be extended to other manufacturing processes in chemical
industry.

B EXPERIMENTAL SECTION

Preparation of zeolite catalysts. The Na-type zeolite SSZ-
13 was provided by Sinopec and converted to its proton form,
i.e. H-SSZ-13, by refluxing three times in 0.1 M NH4NO;
solutions for 6 h, followed by drying at 343 K for 12 h, and
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calcination at 873 K for 4 h. Zeolite H-SSZ-13 was dealumi-
nated by treatment in 13 M HNO; solution at 373 K for 20 h
(20 mL/g,c011.) and denoted as deAl-SSZ-13. Sn species were
incorporated into the framework of zeolite deAl-SSZ-13 via
dry impregnation with (CH;),SnCl, as precursor in the glove
box, followed by a calcination at 823 K for 6 h under vacuum.
After that, the solid was calcined under flowing air at 8§23 K
for 6 h to derive the product Sn-H-SSZ-13. The obtained zeo-
lite Sn-H-SSZ-13 was further exchanged to a Na-type material
with an 0.1 M NaHCOj; solution three times and the product
obtained after calcination was denoted as Sn-Na-SSZ-13. Sn-
ZSM-35, Sn-EU-1 and Sn-Beta zeolites were prepared via
similar post-synthesis route, and commercial H-ZSM-35
(Si/Al=14.5), H-EU-1 (Si/Al=14.7) and H-Beta (Si/Al=13.5)
were used as zeolite hosts, respectively.

Characterization techniques. The specific surface areas of
the zeolite samples were determined through N, adsorp-
tion/desorption isotherms at 77 K collected on a
Quantachrome iQ-MP gas adsorption analyzer. Before the
nitrogen adsorption, the samples were dehydrated at 473 K for
2 h. The total surface areas were calculated via the Brunauer
Emmett Teller (BET) equation and the microporous pore vol-
umes were determined using the t-plot method. The X-ray
diffraction (XRD) patterns of zeolite samples were recorded
on a Bruker D8 ADVANCE powder diffractometer using Cu-
Ko radiation (A = 0.1542 nm) at a scanning rate of 4°/min in
the region of 20 = 5-40°. The chemical compositions of the
samples were determined by inductively coupled plasma emis-
sion spectrometry (ICP-AES) on a Thermo IRIS Intrepid II
XSP atomic emission spectrometer. Diffuse reflectance ultra-
violet-visible (UV-Vis) spectra of the zeolite samples were
recorded in air against BaSOy, in the region of 200-700 nm on
a Varian Cary 300 UV-Vis spectrophotometer. Diffuse reflec-
tance infrared Fourier transform (DRIFT) spectra of the sam-
ples were measured on a Bruker Tensor 27 spectrometer with
128 scans at a resolution of 2 cm'. Self-supporting pellets
made of sample materials were placed in the reaction chamber
and pretreated in flowing dry air at 673 K for 1 h. The spectra
were recorded in dry air against KBr as background. Solid-
state magic-angle spinning nuclear magnetic resonance (MAS
NMR) studies were performed on a Bruker Avance III spec-
trometer at resonance frequencies of 400.1, 104.3, 79.5, and
149.5 MHz for 'H, “’Al, *Si, and '"°Sn nuclei, respectively.
The IH, 27A1, and '"’Sn MAS NMR spectra were recorded with
a sample spinning rate of 8 kHz, while the ’Si MAS NMR
spectra were obtained with 4 kHz. The Al and *’Si MAS
NMR measurements were performed with hydrated samples.
These samples were exposed to an atmosphere that was satu-
rated with vapor of a Ca(NOs), solution at ambient tempera-
ture to be fully hydrated. To avoid damage of the framework,
this treatment was done no more than one day before the NMR
investigations. The samples used for the 'H MAS NMR stud-
ies were dehydrated at 723 K in vacuum (below 10” Pa) for 12
h. After dehydration, the samples were sealed and kept in glass
tubes until they were filled into the MAS NMR rotors in a
glove box purged with dry nitrogen gas. The determination of
the number of accessible Bronsted acid sites was performed by
adsorption of NH; at room temperature. After the NH; load-
ing, the samples were evacuated at 453 K for 2 h to eliminate
physisorbed ammonia. Quantitative 'H MAS NMR measure-
ments were performed by comparing the signal intensities of
the samples under study with the intensity of an external inten-
sity standard (dehydrated zeolite HNa-Y with the cation ex-

change degree of 35 %). The ''°Sn MAS NMR measurements
were performed on both hydrated and dehydrated samples.
The decomposition and simulation of NMR spectra were car-
ried out using the Bruker software WINFIT.

Catalytic evaluation. The catalytic hydration of epoxides
was performed in a 10 mL autoclave under a nitrogen pressure
of 1 MPa. In a typical experiment, the autoclave was charged
with the mixture of 10 mmol of EO, 20 mmol of H,O, and 0.1
g of catalyst, and the reaction was performed under magnetic
stirring of 750 rpm at 313 K. After the reaction, the products
were qualitatively analyzed by a Shimadzu 2010 GC (Agilent
HP-5MS column, 30 m x 0.25 mm x 0.25 pum; FID detector)
with octanol as the internal standard. GC peaks were identified
by comparison with the retention time of known standard
samples, and also by means of Shimadzu GC-MS QP2010 SE
equipped with the Agilent HP-SMS column. The reaction con-
ditions, e.g. catalyst/substrate ratio and stirring rate, were op-
timized to eliminate the diffusion effects. A carbon balance of
above 95% was obtained for all experiments. For the plots of
the apparent activation energies of the EO hydration, the reac-
tion was performed at different temperatures and a short reac-
tion time was employed to ensure that the EO conversion is
below 15 % for the calculation of reaction rate. For the recy-
cling test, the solid catalyst obtained after reaction was sepa-
rated by filtration, thoroughly washed with ethanol, and direct-
ly reused in the next cycle.

Computation and modeling. All periodic density function-
al theory (DFT) calculations were performed using the Vienna
Ab initio Simulation Package (VASP 5.3.5). * The projector
augmented wave (PAW) method was employed to describe the
electron-ion interactions. ® The Bayesian error estimation
functional with van de Waals (vdW) correlation (BEEF-vdW)
was used. ”* The plane wave basis set kinetic energy cutoff was
set to 400 eV. The sampling of the Brillouin zone was made
with the I" point only. The dimer method was utilized to locate
all transition states. " A force threshold of 0.01 eV/A was used
for the structure optimization of all intermediates and transi-
tion states. The Sn-H-SSZ-13 system was modeled by a 36T
periodic system; the interaction between organic species in
different cavities could be completely avoided using this mod-
el. " The optimized lattice constants (13.72, 13.72, 14.86 A
for CHA framework) were obtained using an 800 eV energy
cutoff and a 0.01 eV/A force threshold. One of the Si atoms
was substituted by a Sn atom to produce closed sites; its adja-
cent Si atoms were then hydroxylated to model open sites and
silanol nests. The structures of the investigated closed and
open sites were shown in Figure 1.
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Figure 1. Closed and open active site structures with partial
hydroxylation and full hydroxylation in Sn-H-SSZ-13. (a): closed;
(b): Sn(OSi);(OH); (¢): Sn(0OSi),(OH),; (d): Sn(OSi)(OH);; (e):
SH(OH)4

The harmonic frequency calculations employed a partial
Hessian vibrational analysis (PHVA), including the Sn atoms
and adjacent OH groups of active sites, water, and organic
species part of involved states. The zero point energies (ZPE),

ACS Paragon Plus Environment

Page 2 of 9



Page 3 of 9

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

enthalpies, entropies, and Gibbs free energies were then calcu-
lated from the harmonic frequencies.

m RESULTS AND DISCUSSION

Design of water-tolerant Lewis acid catalysis confined in
zeolite cages. For the ring-opening hydration of EO, the reac-
tants EO and H,0, the target product MEG, and the byprod-
ucts DEG and TEG have quite different kinetic diameters and
diffusion behaviors. Therefore, it is possible to achieve high
MEG selectivity via simple diffusion control. Inspired by the
great success of zeolites in molecular shape-selective cataly-
sis,lo a series of easily available aluminosilicate zeolites with
different framework topologies are examined in the present
study. The underlying principle is that the reactants EO and
H,0 as well as the target product MEG could easily diffuse
through the pore windows of the zeolite, while the byproducts
DEG and TEG could not. In this way, the reactants EO and
H,O diffuse into the zeolite cages through pore windows, react
within cages,

Figure. 2 (a) Exploring the zeolite framework topoly for shape-
selective catalysis. (b) Schematic illustration of EO hydration to
MEG over CHA zeolite

windows with byproducts remaining in the cages due to steric
hindrance. By comparing the diameters of the reactant and
product molecules with the pore limiting diameters of zeolites
(calculated from ZEOMICS '), we found that zeolites with
GIS, CHA, and PHI structures, all characterized by eight-
membered rings, are possible candidates for the shape-
selective hydration of EO (Figure 2a). SSZ-13, a high-silica
zeolite with the chabazite structure,'? should be the most
promising one due to its chabazite cages with largest diameter
of 0.8 nm as natural nanoreactors for the EO hydration as well
as its remarkable stability. In addition to the MEG selectivity
derived from the diffusion control through the pore windows
of zeolite, the use of chabazite cages as nanoreactors also con-
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tributes to the MEG selectivity during EO hydration. Since
byproducts DEG and TEG come from the self-condensation of
target product MEG, reaction in the confined space of chaba-
zite cages with H,O and EO as space fillers can efficiently
reduce the collision probability of two or more MEG mole-
cules and, therefore, suppress the formation of byproducts.
The schematic illustration of EO hydration to MEG over CHA
zeolite is shown in Figure 2b.

After solving the problem of limited product selectivity by
using shape-selective catalysts, the catalyst activity was in the
focus of the present work. Generally, the hydration of epox-
ides can be catalyzed by Brensted acids, e.g. anion exchange
resins,4b or Lewis acids, e.g. metal triflates.”” Sn-zeolites have
been developed as a specific type of strong Lewis acidic cata-
lysts."* The most attracting feature of Sn-zeolites is that the
Lewis acid sites are tolerant to polar and protic solvents, e.g.
water, which makes them essentially different from most con-
ventional Lewis acid catalysts and applicable in several very
important reactions in aqueous media, e.g. sugar isomerization
and epimerization.”” Considering that the efficient activation
of molecules with C-O bond has been acknowledged with Sn-
zeolites, we propose that Sn-SSZ-13 should be robust catalyst
for EO hydration.

Preparation and characterization of the catalyst sys-
tems. The Sn-H-SSZ-13 zeolite was prepared via a two-step
post-synthesis strategy, consisting of creating vacant T sites
with associated silanol groups by partial dealumination of H-
SSZ-13 and subsequent dry impregnation of the resulting
deAl-SSZ-13 with organometallic dimethyltin dichloride.' It
should be noted that dimethyltin dichloride molecule is rela-
tively large and its diffusion through the small pore windows
of SSZ-13 is difficult. In the preparation process, the decom-
position of dimethyltin dichloride can proceed by sequential
loss of methyl radicals,'” and SnCl, with much smaller kinetic
diameter may act as the Sn precursor. The structure changes
during the post-synthesis of zeolite catalysts were investigated
by XRD, DRIFT and NMR, as shown in Figure 3. Typical
diffraction lines characteristic for the CHA topology are ob-
served for all zeolite samples, ruling out a collapse of zeolite
framework during the post-synthesis modification process
(Figure 3a). The results are consistent with those of the N,
adsorption/desorption analysis, where no significant loss in
surface areas and micropore volumes could be observed
(Table 1). The DRIFT spectrum (Figure 3b) of the parent zeo-
lite H-SSZ-13 exhibits several characteristic bands in Figure 3.

Table 1. Physicochemical properties of the zeolite catalysts
under study.

b c d
BET Viicro~ 71Si(OH)AI

. a nsy” . a S
Sample MSMAL (mmol/g) S (m¥g)  (em/g) (mmol/g)

H-SSZ-13 8.4 / / 823 0.28 1.17
deAl-SSZ-13 9.5 / / 774 0.26 0.97
Sn-H-SSZ-13 9.5 0.17 98 780 0.27 0.94
Sn-Na-SSZ-13 9.5 0.16 98 769 0.26 0

® determined by ICP-AES; " determined by N,-adsorption; ©: Micropore
volume was estimated by using the t-plot method; *: determined by 'H MAS
NMR
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Figure 3. (a) XRD patterns of zeolite samples. (b) DRIFT spectra
of zeolite samples. (¢, d) ’Al and *’Si MAS NMR spectra of
zeolite samples.

Typical diffraction lines characteristic for the CHA topology
are observed for all zeolite samples, ruling out a collapse of
zeolite framework during the post-synthesis modification pro-
cess (Figure 3a). The results are consistent with those of the
N, adsorption/desorption analysis, where no significant loss in
surface areas and micropore volumes could be observed
(Table 1). The DRIFT spectrum (Figure 3b) of the parent zeo-
lite H-SSZ-13 exhibits several characteristic bands in the hy-
droxyl stretching region: A band at 3730 cm™ due to isolated
external Si-OH groups, a band at 3605 cm™ due to bridging
hydroxyls Si-OH-Al and a band 3665 cm” due to Al-OH
groups.18 The sample treatment in concentrated HNOj; results
in partial dealumination, accompanied by an increase of the
nsi/na ratio from 8.4 to 9.5 and the appearance of a broad
weak IR band centered at 3533 cm™. This band is due to hy-
droxyl nests with hydrogen-bonded Si-OH groups located at
the vacant T sites in the dealuminated zeolite deAl-SSZ-13.'®
Dry impregnation of deAl-SSZ-13 with a Sn precursor in-
duced a slight decrease in the intensity of the IR band at 3730
cm™' and the almost disappearance of the IR band at 3533 cm™.
This finding indicates that Sn species react with the above-
mentioned silanol groups to incorporate into the CHA zeolite
framework. Finally, exchanging the Bronsted acidic bridging
hydroxyls in Sn-H-SSZ-13 with Na" results in the disappear-
ance of IR band at 3605 cm™ for Sn-Na-SSZ-13.

The Al MAS NMR spectra of all zeolites under study
(Figure 3c) are dominated by strong signals of tetrahedrally
coordinated framework Al atoms at ca. 58 ppm and very weak
signals of octahedrally coordinated extra-framework Al spe-
cies at ca. -2 ppm,"” revealing the intact structure of zeolite
samples under study and the high resistance of CHA structure
toward dealumination. The *’Si MAS NMR spectra of all zeo-
lites (Figure 3d) are dominated by strong signals of framework
Si(OSi), species ca. -110 ppm and weak signals of framework
Si(0Si);(OAl) species or Si(OSi);(OH) at ca. -103 ppm.” Fur-

thermore, the changes in the hydroxyl groups in the SSZ-13-
based zeolites during post-synthesis modification were further
quantitatively analyzed by 'H MAS NMR spectroscopy
(Figure 4a). For the parent zeolite H-SSZ-13, a strong signal at
3.7 ppm due to bridging hydroxyl Si(OH)AI groups (NH; ad-
sorption leads to the formation of ammonia ions with signal at
6.2 ppm), a weak signal at 1.4 ppm due to silanol groups at
framework defects and a weak signal at 2.4 ppm assigned to
hydroxyl groups bonded to Al species could be observed.'”?'
With partial dealumination, a distinct decrease in the concen-
tration of Brensted acidic bridging hydroxyls (from 1.17 to
0.97 mmol/g, Table 1) was observed, while no significant
changes in Brensted acidic bridging hydroxyls (0.97 versus
0.94 mmol/g) could be found after Sn incorporation. Accord-
ing to the DRIFT spectra (Figure 3b), the Sn species should be

a) b)

~
)
+% e
N :
\4 H-SSZ-13 O +NH, H-$SZ-13
deAl-SSZ-13
dSWJL/_"“ -
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Sn-Na-sSZ-13 +NH, w
I3

7

-
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Figure 4. (a) 'H MAS NMR spectra of as-prepared zeolite
samples before and after NH; loading. (b) UV-Vis spectra of as-
prepared zeolite samples. (¢) Sn 3d XPS of Sn-H-SSZ-13, Sn-Na-
SSZ-13 and reference SnO, samples. (d) ''°Sn MAS NMR of
dehydrated and hydrated Sn-H-SSZ-13 and Sn-Na-SSZ-13
samples.

incorporated into the CHA-type framework upon reaction with
hydroxyl groups in silanol nests created from the removal of
framework Al atoms. The ratio of ng, replacing the 7, re-
moved during dealumination was calculated to be 0.85, which
indicates an approaching stoichiometric replacement of
framework Al atoms by Sn atoms during post-synthesis modi-
fication. In this case, the location of Sn species in zeolite crys-
tals should be determined, in principle, by the Al atoms re-
moved CHA framework. The exchange of zeolite Sn-H-SSZ-
13 with Na" cations results in the complete disappearance of
the "H MAS NMR signals caused by Bronsted acidic bridging
hydroxyls in Sn-Na-SSZ-13, which is in good agreement with
the results obtained by DRIFT spectroscopy.

NMR spectroscopy with *C-2-acetone (CH;”COCH;) ad-
sorption was applied to study the acidic properties of the cal-
cined samples. As shown in Figure S1, the sharp signal at 220
ppm is observed for acetone adsorbed on the Brensted acid
sites of the SSZ-13 samples, whereas the very weak shoulder-
ing signal at ca. 236 ppm is due to acetone adsorbed on Lewis
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acid sites.”” The other signals at 214 and 205 ppm are due to
the physisorbed acetone or the products of bimolecular and
trimolecular reactions of acetone.”**'* Compared with deAl-
SSZ-13, the intensities of the signal at 236 ppm in Sn-H-SSZ-
13 and Sn-Na-SSZ-13 dramatically increase, indicating the
formation of new Lewis acid sites via the incorporation of Sn
species into the CHA zeolite framework. Additionally, the
signal due to Brensted acid sites (220 ppm) disappears in Na-
Sn-SSZ-13, in accordance with the FTIR and 'H MAS NMR
results.

To clarify the existence states of Sn species the CHA-type
zeolite framework, UV-vis, XPS and '’Sn MAS NMR spec-
troscopic investigations were performed. As shown in the UV-
vis spectra in Figure 4b, the dehydrated zeolites Sn-H-SSZ-13
and Sn-Na-SSZ-13 exhibit a similar intense absorption band at
ca. 215 nm arising from the ligand-to-metal charge transfer
from O* to Sn*", which is characteristic of isolated tetrahedral-
ly coordinated Sn atoms in the zeolite framework."**'® The
UV-vis results reveal that framework Sn species are the domi-
nating species in the dehydrated zeolite samples. In the Sn 3d
XPS of the dehydrated zeolites Sn-H-SSZ-13 and Sn-Na-SSZ-
13 (Figure 4c¢), two signals at binding energy values of 487.3
and 495.7 eV, caused by 3ds, and 3ds, photoelectrons of tet-
rahedrally coordinated framework Sn species, can be ob-
served.” For comparison, binding energy values of 486.0 eV
and 494.4 eV were observed for the Sn atoms in SnQO,. In the
"Sn MAS NMR spectra of dehydrated Sn-H-SSZ-13 and Sn-
Na-SSZ-13 (Figure 4d), signals centered at -420 ppm ap-
peared. According to Davis et al,”™ these signals can be as-
cribed to tetrahedrally coordinated framework Sn species in
open arrangements. Minor framework tetrahedral Sn species in
closed arrangement with NMR signals centered at -443 ppm
might also exist, but overlapped with the dominant signals at -
420 ppm. After hydration, the NMR signals at-420 ppm disap-
pear and new signals at -700 ppm could be observed instead.
The signals at -700 ppm are originated from Sn species in
higher coordination state, similar to the case of hydrated Sn-
Beta zeolites prepared by hydrothermal synthesis.”* Since
dominant tetrahedrally coordinated Sn species in open ar-
rangement are obtained in dehydrated samples, the Sn species
should exist in the form of octahedrally coordinated Sn spe-
cies, also in open arrangement after hydration. It should be
mentioned that no '"’Sn MAS NMR signal at -604 ppm origi-
nated from SnO, could be observed either for hydrated or for
hydrated zeolite samples, ruling out the formation of oxide-
like species. Moreover, exchanging the hydroxyl protons in
zeolite Sn-H-SSZ-13 with Na' cations (Sn-Na-SSZ-13) does
not change the state of the Sn species at all.

On the basis of the above-mentioned characterization re-
sults, we come to the conclusion that the Sn species were in-
corporated into the CHA framework of SSZ-13 via the utilized
two-step post-synthesis modification procedure. The homoge-
neous distribution of Sn species in zeolite crystals could be
demonstrated by the similar chemical composition in the sur-
face (measured by XPS analysis) and bulk phase (measured by
ICP analysis), which could also be observed from the high
angle annular dark field STEM image with elemental mapping
(Figure S2).

Catalytic performance in epoxide hydration. The catalyt-
ic performance of as-designed zeolite Sn-H-SSZ-13, together
with other catalysts for comparison, was investigated in the
EO hydration, and the results are shown in Figure 5. No prod-
ucts could be detected without any catalyst, while very low
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EO conversion of below 1 % was observed with zeolite Na-
SSZ-13. In contrast, considerable EO conversion as well as
MEG selectivity of above 99 % could be obtained with H-
SSZ-13, deAl-SSZ-13, Sn-H-SSZ-13, and Sn-Na-SSZ-13 as
catalysts (Figure 5a). The perfect MEG selectivity demon-
strates the great success of shape-selective catalysis by using
catalysts with CHA structure. The zeolite Sn-H-SSZ-13 exhib-
its the highest catalytic activity, followed by Sn-Na-SSZ-13
and then deAl-SSZ-13. The catalytic activity of the zeolite Sn-
H-SSZ-13 in the EO hydration is distinctly higher than that of
a Bronsted acidic zeolite H-ZSM-5 (ngy/n, = 12) zeolite and
Amberlite IR-120 resin as well as homogeneous Brensted acid
H,SO, (1M) used as reference catalysts, but slightly lower
than the homogeneous Lewis acid Co'(salen). No leaching of
Sn or Al species could be detected by ICP analysis after reac-
tion and the possible homogeneous catalysis from leached
species could then be excluded. Considering its outstanding
MEG selectivity, Sn-H-SSZ-13 is undoubtedly a very attrac-
tive solid catalyst for the EO hydration.

The effects of the reaction parameters on the catalytic per-
formance of zeolite Sn-H-SSZ-13 were examined in further
catalytic studies. As shown in Figure S3a, only a weak posi-
tive effect of the H,O/EO ratio on the EO conversion is ob-
served due to the buffering effect from CHA cages as natural
nanoreactors. Increasing the reaction temperature promotes the
EO conversion over Sn-H-SSZ-13 distinctly, but also results
in a significant decrease in the MEG selectivity (Figure S3b).
This should be due to the fact that high reaction temperatures
may induce the further condensation of MEG to DEG and
TEG at the outer surface of the zeolite catalyst. Kinetic plots
of the EO hydration indicate an increasing EO conversion with
reaction time, and specificly, a linear increase of the EO
conversion with reaction time could be observed at the initial
stage of reaction, e.g. with an EO conversion of below 40 %,
over deAl-SSZ-13, Sn-H-SSZ-13, and Sn-Na-SSZ-13 (Figure
5b).
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Figure 5. (a) EO conversion and MEG selectivity catalyzed by
different catalysts. Reaction conditions: temperature = 313 K;
H,O/EO = 2; time = 4h. (b) Kinetic plots of EO hydration
catalyzed by different zeolite catalysts. Reaction conditions:
temperature = 313 K; H,O/EO = 2. (¢) Kinetic plots of EO
hydration with reaction temperature catalyzed by different zeolite
catalysts based on the Eyring equation. On Sn-H-SSZ-13, Sn-Na-
SSZ-13, and deAl-SSZ-13, the enthalpy barrier is estimated to be
0.30, 0.35, and 0.38 eV, respectively; the entropy contribution to
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the Gibbs free energy barrier at 313 K is 0.53, 0.50, and 0.49 eV,
respectively. (d) Recycling tests of EO hydration catalyzed by Sn-
H-SSZ-13. Reaction conditions: temperature = 313 K; H,O/EO =
2; time =12 h.

During the whole reaction process, the MEG selectivity is kept
nearly unchanged (not shown here), confirming that the EO
hydration occurs exclusively within the CHA cages of zeolite
catalysts. For Sn-H-SSZ-13, an EO conversion of 99.7 % with
a MEG selectivity of 99.5 % could be achieved after reaction
at 313 K for 24 h with a H,O/EO ratio of 2 (Stoichiometric
reaction between H,O and EO would be problematic because
of the growing viscosity of the reaction system with the
progress of the reaction). The apparent activation energies
calculated using the Arrhenius equation are 0.33, 0.38, and
0.41 eV for the catalysis on Sn-H-SSZ-13, Sn-Na-SSZ-13 and
deAl-SSZ-13, respectively. While the activation enthalpies
calculated using the Eyring equation (Figure 5c) are 0.30, 0.35
and 0.38 eV, respectively. The different apparent activation
energies catalyzed by Lewis acidic Sn sites in Sn-H-SSZ-13
and Sn-Na-SSZ-13 should be originated from the different
local structures of the Lewis acidic sites (vide infra). In
addition to the remarkable high activity and selectivity, Sn-H-
SSZ-13 also exhibits excellent recyclability in the EO
hydration. As shown in Figure 5d, zeolite Sn-H-SSZ-13 could
be reused after a simple washing procedure and no activity
loss could be observed upon 9 cycles.

Summarizing can be stated that Sn-H-SSZ-13 was proved to
be robust solid catalyst for the EO hydration under desired
reaction conditions, i.e. at a low H,O/EO ratio of 2 and a low
reaction temperature of 313 K. The remarkable catalytic
performance originated from strong Lewis acidic Sn sites
confined in CHA cages as well as the excellent stability and
recyclability demonstrates the great potential of this material
as next generation catalyst for the EO hydration via a most
energy-saving MEG production process.

Table 2. Hydration of various epoxides catalyzed by Sn-H-
zeolite catalyst

Catalyst nsi/n,\lbnsi/ns,,b T Time Substrate Cony. Product Select.

® @ (%) ¢ (%) ¢

Sn-H-SSZ-13 9.5 98 313 24 99.7 " P 995

HO, OH

\/
o]
3308 N/ 725 98.1
y >~
Sn-H-ZSM-35 189 72 353 12 o A 383 o 1 o 995
313 24 V 985 M A 772
33 6 V/\ 958 1" o4 958
Sn-H-EU-1 236 67
33 24 /998 "M 759
2 oH
313 15

4
Nel
hed
~
W
\
2
Nel
Nel
e}

//4
A\

Sn-Beta  >1800 51 553 ¢ 902 CEO” 92.7
'OH
313 24 >99.9 " A" 702

“: Reaction conditions: 10 mmol epoxide, 20 mmol H,0, 0.1 g catalyst; *:
Determined by ICP-AES; “: Determined by GC and GC-MS.

OQ@

Inspired by the great success of zeolite Sn-H-SSZ-13 for EO
hydration, we further developed similar catalyst systems, e.g.
Sn-H-ZSM-35 and Sn-H-EU-1 (some characterization results
shown in Figure S4), for the hydration of various epoxide
substrates to produce correspding 1,2-diols. Through a

delicately selected framework topology according to the
molecule sizes of epoxide substrate and products, the expected
high 1,2-diol selectivity could be obtained via diffusion
control. For example, the hydration of epoxypropane to 1,2-
propanediol and epichlorohydrin to 3-chloro-1,2-propanediol
could be achieved on Sn-H-ZSM-35 with selectivity of 98.1
and 99.5 %, respectively (Table 2). That is, water-tolerant
Lewis acidic catalysis confined in zeolite cages should be a
general strategy for the sustainable heterogeneous hydration.
Meanwhile, it should be noted that all Sn-zeolites employed
here, i.e. Sn-H-SSZ-13, Sn-ZSM-35, Sn-H-EU-1 and Sn-Beta,
exhibited considerable activity in the catalytic hydration of
EO, while the high selectivity to MEG was only achieved on
Sn-H-SSZ-13 with diffusion control. These observations
confirm the feasibility of shape-selective Lewis acid catalysis
confined in the cages of zeolite, as proposed in Figure 1.

Active Sn sites and kinetics of the EO hydration. Accord-
ing to our post-synthesis procedure and characterization re-
sults, framework tetrahedral Sn species in both closed and
open arrangements might exist in Sn-H-SSZ-13 (Scheme S1).
First-principles periodic density functional theory (DFT) cal-
culations were performed to understand the nature of the
working active Sn sites and the reaction mechanism of the EO
hydration over zeolite Sn-H-SSZ-13. Several theoretical stud-
ies have been previously utilized to understand the structure of
Sn-Beta zeolite and its kinetics in the isomerization of glucose
to fructose. It was proposed that the open sites rather than
closed sites are more active in Sn-Beta.”***® Recently, the
presence of active framework Sn species in both open and
closed arrangements was confirmed via the combination of
dynamic nuclear polarization surface enhanced NMR spec-
troscopy and DFT calculations.”® In our work, the hydration of
EO in closed sites was first investigated. As shown in the
Figure 1, the reaction involves the dissociation of H,O to form
SnOH species, and a subsequent ring opening of EO to pro-
duce five-membered ring species. The abstraction of H from
the framework and the desorption of EG close the cycle. The
dissociation of H,O was found to be an endothermic step by
about 0.7 eV, which undergoes a late transition state. The ring
opening of EO is the rate-determining step. The intrinsic over-
all energy barrier was calculated to be 1.63 eV at the closed
site of Sn-H-SSZ-13 (Figures S5-S6).

Figure 6. Transition state structures for EO hydration at different
active sites of Sn-H-SSZ-13. (I): closed; (II): Sn(OSi);(OH);
ID): Sn(0Si),(OH),; (IV): Sn(OSi)(OH);; (V): Sn(OH),. The
bond forming distances are given in

The transition state structures for EO hydration at different
sites were shown in Figure 6. The kinetics of the EO hydration
at four different structures of open sites in zeolite Sn-H-SSZ-
13 were further explored. The open sites are built by the hy-
droxylation to form Sn(OSi),,(OH), [m + n = 4] sites to differ-
ent extents. Silanol nests are then formed accordingly near the
active Sn site. These nests are important to stabilize the open
active sites through hydrogen bonding. With the increase of
the hydroxylation extent, the fully hydroxylated Sn(OH), spe-
cies was finally formed. Because of the presence of hydroxyl
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groups at the open sites, the EO hydration may involve two
different reaction pathways: Ring opening of EO as the first
step or H,O coordination to Sn and dissociation as the first
step. In this work, the steps of the EO ring opening were stud-
ied before or after the coordination/dissociation of H,O at
open Si(OSi);(OH), Si(OSi),(OH),, and Si(OSi)(OH); sites.
As depicted in the Figures S7-S9, open sites exhibit higher
catalytic activity in the EO hydration and the intrinsic energy
barriers for these sites are in the range 0.87~1.34 eV. The re-
action pathway involving the EO ring opening as the first step
is energetically favored at open Si(OSi);(OH) and
Si(OSi)(OH); sites. In other words, the reaction involving
transition states with the six-coordinated structure is not pre-
ferred compared to that with the five-coordinated structure in
some cases. The reaction seems to occur through the step se-
quence of dissociation of H,0, and ring opening of EO at open
Sn(OSi),(OH), sites (0.92 versus 1.10 eV). When the Sn is
fully hydroxylated, it was found that the energy barrier in-
creases dramatically (1.79 eV), and it is even less active than
closed sites (1.63 eV) and gaseous Sn(OH), (1.39 eV) as a
homogeneous catalyst (Figures S5, S10-S11). The relation of
the energy barrier for the EO hydration with the extent of hy-
droxylation of the active Sn sites is presented in Figure7a,
where a volcano type shape is observed while closed sites or
fully hydroxylated Sn(OH), species exhibit a lower catalytic
activity. The catalytic activity reaches a maximum at the open
Sn(OSi)(OH); site in zeolite Sn-H-SSZ-13. The intrinsic over
all energy barrier was calculated to be 0.87 eV. The complete
energy profile of EO hydration at Sn(OSi)(OH); active sites is
shown in Figure 7b. The calculated enthalpy and entropy

a) 20,
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1.8+ | OH°
Osi OH 3
s\ 1.6+ °
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"~ | = Gibbs free energy / 313 K
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Figure 7. (a) Calculated intrinsic energy barriers in different
active sites for EO hydration in Sn-H-SSZ-13, considering EO
ring opening as the first step in the reaction pathway. (b) Calcu-
lated energy, enthalpy and Gibbs free energy profiles for EO hy-
dration in open Sn(OSi)(OH); site of Sn-H-SSZ-13.
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contributions to the Gibbs free energy barrier at 313 K are
0.23 and 0.65 eV with respect to the gaseous reactants, con-
sistent with the experimental kinetic results (0.30 and 0.53
eV). It should be mentioned that the solvent effect is not con-
sidered as the correction in periodic systems is of high chal-
lenge and beyond the scope of this work.

Advantages of Sn-H-SSZ-13 catalyzed EO hydration.
With the successful development of a robust Sn-H-SSZ-13
catalyst for the EO hydration, new catalytic processes for the
MEG production can be expected. Such a process requires
much less energy input for heating the reactor and, more im-
portant, for the product distillation. It is roughly estimated that
the total energy consumption can be reduced from 6 gigajoules
per ton MEG production for the non-catalytic thermal hydra-
tion process to below 3 gigajoules per ton MEG production for
the new catalytic hydration process. Moreover, only one fifth
of wastewater is generated accompanied by the MEG produc-
tion in the new catalytic hydration process as compared to that
in the non-catalytic thermal hydration process, which is of
great benefit to the environment. Although the long-term sta-
bility of the Sn-H-SSZ-13 catalyst is still to be tested and its
use may significantly increase the cost of the MEG produc-
tion, the newly-established catalytic hydration process indeed
shows unparalleled advantages from the perspectives of ener-
gy saving and emission reduction.

= CONCLUSION

In summary, we have successfully developed a Lewis acid
catalysis confined in zeolite cages as a strategy for the sustain-
able heterogeneous hydration of epoxides. Typically, zeolite
Sn-H-SSZ-13 exhibits a remarkable catalytic performance in
EO hydration to MEG, and an EO conversion above 99 %
with a MEG selectivity above 99 % can be obtained at ap-
proaching stoichiometric H,O/EO ratios and near-ambient
reaction temperatures. Theoretical calculations revealed that
the partially hydroxylated Sn species should be the preferred
Lewis acid sites for the catalytic hydration of ethylene oxide.
The concept presented here can be potentially applied to other
catalysts and catalytic processes for a sustainable chemical
production.
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