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Crystal-Face-Selective Supporting of Gold Nanoparticles on Layered
Double Hydroxide as Efficient Catalyst for Epoxidation of Styrene
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ABSTRACT: Au catalysts with layered double hydroxide (LDH) as support were
fabricated and the crystal faces feature of LDH platelets was revealed to have a crucial
effect on the location and particle size of gold nanoparticles (AuNPs). A preferential
deposition of AuNPs with a narrow size distribution was formed on the lateral {1010}
faces of LDH platelets. Catalytic property evaluation of the resulting Au/LDH samples
showed that the conversion of styrene with tert-butyl hydroperoxide (TBHP) to styrene
oxide (SO) occurred on the AuNPs with particle size of 2—3 nm, mainly deposited on

the lateral faces of LDH support.
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epoxidation, homogeneous deposition-precipitation
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B INTRODUCTION

More and more attention of the scientific community has been
paid to inorganic nanocrystals with highly reactive surfaces due to
their many intrinsic shape-dependent properties, such as optical,
electrical, magnetic, and catalytic properties.” ~ Various previous
studies have demonstrated that nanocrystals of metal oxides,
such as TiO, with a high percentage of {001} faces prepared by
using hydrofluoric acid as a capping agent under hydrothermal or
water-2-propanol solvothermal conditions, exhibit excellent
photocatalytic efficiency.*® Co;0,4 nanorods with their {110}
faces predominantly exposed were reported to exhibit a signifi-
cantly high reaction rate for low-temperature oxidation of CO°
and methane combustion.” Also, metal nanocrystals, such as
tetrahexahedral Pt nanocrystals with high-index faces of {730},
{210}, and {520}, have shown a high catalytic activity for electro-
oxidation of small organic fuels.® Recently, Recently, the crystal-
face dependent catalysis by a layered inorganic crystal com-
pound-layered double hydroxide (LDH) has been revealed by
Roeffaers et al. who had adapted real time monitoring of the
chemical transformation of individual organic molecules by
fluorescence microscopy, and they revealed that the activity of
base catalysis by LDH, a layered inorganic crystal compound, was
dependent on the hydroxyl groups of the types of LDH crystal
faces, that is, the ester hydrolysis occurred mainly on the lateral
{1010} crystal faces, whereas the transesterification took place
on the basal {0001} ones.” Our recent study has shown that the
active sites for the acetone self-condensation maybe the ordered
array of hydroxyl groups located mainly on the basal LDH
surfaces, rather than on the edges of crystal platelets.'®

LDH can be expressed by the general formula [M* M-
(OH),]*"[A" 1,/n*yH,0, where the cations M** and M**
occupy the octahedral holes in a brucite-like layer and the anion
A" is located in the hydrated interlayer galleries.'" This
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flexibility in composition allows LDH with a wide variety of
properties to be prepared and is one of their most attractive
features. LDH have a wide variety of practical applications
including as additives in polymers, as precursors to magnetic
materials, and in biology and medicine, catalysis, photochemis-
try, electrochemistry, and environmental remediation."* In par-
ticular, LDH represent an interesting opportunity for developing
new catalysts, catalyst precursors, and catalyst supports, with
tailored structure and properties.Bf15 As a layered material,
LDH crystallites tend to have a smooth platelet morphology, in
which the dimensions of the (typically hexagonal) basal crystal
faces of the platelets are much larger than the thickness (the
lateral crystal faces) of the platelets (Figure 1). Since the basal
{0001} crystal faces of an LDH, with ordered array of hydroxyl
sites on surface, may have a very different electronic structure and
energy character from those of the lateral {1010} ones with high
densities of dangling bonds, the chemical activity of the two types
of crystal faces may be expected to show significant differences.
Herein, we report the crystal-face-selective supporting of metal
nanoparticles on the crystals of LDH.

Gold nanoparticles (AuNPs) have received increasing atten-
tion in catalysis since Hutchings'® and Haruta et al.'” demon-
strated excellent performances of gold-based catalysts in
hydrochlorination of acetylene and low temperature oxidation
of CO, respectively. The preparation of small AuNPs with
narrow size distribution, their stabilization, and their unique
properties compared to larger particle size are appealing to a large
community of researchers. It is believed that the nature of
supports plays an important role in controlling particle size,
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Figure 1. Schematic illustrations of an LDH crystallite with assignment
of the different crystal faces.

dispersion level of the particles, and interaction between AuNPs
and supports, which can consequentiallz affect the catalytic
performance of the supported AuNPs."®" Thus, it is necessary
to selectively utilize the faces of the supgort to enhance efficiency
and stability of AuNPs catalyst.’* > In this present study,
hexagonal LDH was utilized as support to prepare AuNPs
catalyst. Because large crystals with easily identifiable faces are
suitable for distinguishing the location of AuNPs in our experi-
ments, an urea decomposition method was adopted for prepara-
tion of MgAI-LDH with such crystals in the range of
micrometers, by precipitation from homogeneous solution using
the temperature-controlled hydrolysis of urea.”* LDH supported
AuNPs catalysts were prepared by a homogeneous deposition—
precipitation (HDP) technique using urea as the precursor for
precipitating agent.”> Catalytic performance was evaluated in
terms of the conversion of styrene via the epoxidation of styrene
with TBHP to SO.

B RESULTS AND DISCUSSION

Figure 1 shows a typical scanning electron microscopy (SEM)
image of the prepared MgAI-LDH sample. As expected, the
MgAl-LDH show flat, well-defined hexagonal basal platelets with
fairly large crystal sizes ranging between 1—2 ym. Moreover, as
can be seen in Figure 2, MgAl-LDH sample displays the
characteristic reflections of the LDH structure with a series of
(001) peaks appearing as narrow, symmetric, and strong lines at
low angle. And, the nonbasal reflections (h, k # 0) at high angle
also can be observed for the LDH sample, showing a high
crystallinity. Besides, the basal spacing value (dgo3) of MgAl-
LDH is 0.76 nm, which is similar to the values reported in the
literature for LDHs with CO3> anions in the gallery.'” The
crystallite size in ¢ direction (the stacking direction, perpendi-
cular to the basal layers) can be estimated from the XRD by
Scherrer equation [L = 0.894/5(0) cos 6, where L is the
crystallite size, A is the wavelength of the radiation used, 6 is
the Bragg diffraction angle, and 3(0) is the full width at half-
maximum (fwhm) of the (003) and (006) diffraction peaks]. The
calculated value is about 23.3 nm. XRD patterns of Au/LDH
catalysts with low Au loading (0.10, 0.22 and 0.66%) were found
similar to those of the corresponding “pure” LDH, and no
diffraction for metallic Au was founded. While with the Au
loading increase from 0.66% to 5.48%, the intensity of Au
(111) peaks increase gradually.

XPS study was carried out to obtain information on the state of
Au in the Au/LDH catalysts. Figure 3 displays the XPS spectra of
Au/LDH catalysts containing 0.22, 0.66, 1.93, and 5.48% Au with
that of LDH support for comparison. The XPS signal with
binding energies near 89.3 and 74.6 eV for all samples is
attributed to the Mg 2s and Al 2p, respectively (Figure 3a).
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Figure 2. XRD patterns of LDH support (a) and Au/LDH catalysts
containing 0.10 (b), 0.22 (c), 0.66 (d), 1.93 (e), and 5.48% Au (f).
Pattern of the metal Au phase (JCPDF 89-3697) is included for
comparison.

Besides, the four Au/LDH catalysts show two XPS signals of Au
4f near 84.0 and 87.7 eV. According to Park et al.,26 the XPS data
in Figure 3a are characteristic of 4f;/, and 4f; , of the metallic Au.
Also we can see that the intensity of the two XPS signal of Au 4f
enhance with the increase of the Au loading. In addition, the XPS
signal located at 335.2 and 353.6 €V represents the Au 4d,”’
whose intensity enhances obviously with the increasing of the Au
loading from 0.22% to 5.48% (Figure 3b).

TEM imaging is thought to be the most important experi-
mental technique to establish the particle size distribution and
gold dispersion on the support surface. Figure 4 shows the
representative transmission electron microscopy (TEM) images
of the Au/LDH catalysts with different loading of Au. In the
catalyst samples with Au loading of 0.22, and 0.66% (Figure 4a
and b), AuNPs are arranged on the lateral {1010} crystal faces of
LDH support, having average sizes in the range of 2—3 nm. The
AuNPs with spherical morphology are highly dispersed without
aggregation. Also, quite few AuNPs were found to be on the basal
{0001} faces of the LDhH sheets. With the increase of Au
loading from 0.66% to 5.48%, the amounts of AuNPs on the basal
{0001} faces increase gradually, on which the average sizes of
AuNPs are much larger than those on the lateral {1010} ones
(Table 1). A large amount of AuNPs with particle size exceeding
to 10 nm were found on the basal faces for the samples with Au
loading of 1.93 and 5.48%.

Previous studies revealed that the solid support of catalyst
plays an important role in avoiding particle growth and stabilizing
nanoparticles against agglomeration. According to Zanella et al,,
who developed the HDP method for the preparation of AuNPs
supported on TiO,, the formation of gold surface complexes and
colloids gold particles takes place simultaneously.”> The forma-
tion of the surface complex was proposed by reaction of AuCls-
(OH) ™ with surface TiOH. Lee and Gavriilidis*® also suggested a
similar mechanism involving the formation of covalent bonds
between gold hydroxyl chlorides species in solution and the
hydroxyl groups on the surface of alumina. Additionally, the
formation of gold colloids was attributed to oxidation—reduction
reactions between Au’" and TiO, surface, which may reduce
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Figure 3. XPS spectra of Au/LDH. Pattern of the MgAl-LDH support is included for comparison.
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Figure 4. TEM images and the corresponding gold particles distribution of
Au/LDH catalysts containing 0.22 (a), 0.66 (b), 1.93 (c), and 5.48% Au (d).

gold because it usually contains defects of Ti*" ions. Adsorption
of gold on the oxidizable mineral surfaces initially induces the

(111) planes
Au nanoparticles

Figure 5. HRTEM image (a) and the corresponding selected area
electron diffraction pattern (b) of Au/LDH catalyst containing
1.93% Au.

reduction of Au’" to elemental gold, which is subsequently
sorbed on the oxide support. The colloidal gold particles are
indeed negatively surface-charged,” so the particles can react
with positively charged TiO, by electrostatic interaction under
the preparation conditions. Thus, it is rational to hypothesize that
the interaction between Au species and support is crucial for the
deposition of AuNPs. It is well-known that the structure of LDH
is based on brucite (Mg(OH),)-like layers in which some of the
divalent cations have been replaced by trivalent ions giving
positively charged sheets.'” So, the surface feature of LDH is
beneficial to interact with the gold surface complexes and
colloids. In addition, the atoms on the lateral face of a LDH
crystal facet are incompletely bonded within the crystal lattice,
thus disrupting the crystalline periodicity and leaving one or
more “dangling orbital” on each atom pointed outward from the
crystal. The lateral {1010} faces with high densities of dangling
bonds, may have a relatively active chemical characteristic,
resulting in the preferential deposition of AuNPs on the
{1010} face with the increase of Au loading. The strong inter-
action between the lateral {1010} crystal faces and the AuNPs
can prevent the aggregation of particles under the air calcination
at 473 K, signifying that the particle size of AuNPs on the lateral
faces is much smaller than those on the basal ones for the two
samples in the case of the Au loading of 1.93 and 5.48%. More
detailed structural information about the AuNPs deposited on
the LDH support can be obtained from HRTEM and the
corresponding selected area electron diffraction (SAED) pattern.
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Table 1. Average Au particle size (TEM) and Reaction Results of Epoxidation of Styrene with TBHP over Au/LDH Catalysts”

selectivity (%)

day (nm)®
Au loading  on lateral on basal styrene

catalyst” (wt %) {1010} face {0001} face  conv. (%) SO
LDH 6.8 73.7
Au/LDH 0.10 41.8 89.1
Au/LDH 0.22 39+13 63.0 81.7
Au/LDH 0.66 25408 67.4 73.5
Au/LDH 1.93 29+13 5.6+£28 56.1 74.8
Au/LDH 5.48 34+14 5.8£15 79.4 74.2
Au/MgO 7.5 79403 62.6 54.3
Au/ALO, 636 41423 ~44 ~28
Au/TiO, 6.00 2.84+0.8 ~61 ~53
Au/meso-Al,O5 2.0 84.3 69.0
meso-Al,05 50.3 66.9
Au/HAP 0.5 1.4+0.6 100.0 92.0

TBHP yield of ~ TOF*
BD PA  conv. (%) SO (%) (h') ref.
21.2 5.3 11.1 5.0 this work
8.6 2.4 36.6 37.3 970.2  this work
15.6 2.7 56.6 S1.S 479.1  this work
21.3 52 64.2 49.5 1572 this work
23.1 2.1 59.1 419 53.8  this work
24.3 1.5 88.4 58.9 26.5  this work
10.8 16.8 34.0 29.8 32, Table 1, Fiugre 2
~24 ~13 ~100 ~12.3 ~114 33, Table 1, Figure 3
~10 ~17 ~32.3 ~344 34, Table 1, Figure 3
23.0 3.6 582 47.8 35, Table 2, Figure 3
21.0 52 337 35, Table 2
92.0 1140 36

“ Reaction conditions: catalyst, 0.1 g; temperature, 353 K; time, 8 h; styrene, 10.18 mmol (1.17 mL); TBHP, 28.58 mmol (2.8 mL); benzene, 56.24 mmol
(5 mL). SO: styrene oxide. BD: benzaldehyde. PA: phenyl acetaldehyde. * All catalyst samples were prepared by HDP. © The average particle size of Au
was determined according to the equation d = 2n,d;/n; by randomly measuring for each sample ~500 particles by TEM. The standard deviation was

calculated from the formula o = [(2(d; — d)?)/ =n,]"/%

Figure 6. Representitive STEM-HAADF images of the 0.66 wt % Au/
LDH catalyst.

As can be seen in Figure Sa, the spacing of the crystallographic
planes of 0.24 and 0.20 nm agrees well with the (111) and (200)
lattice planes of the AuNPs, and supports the polycrystalline
nature of those AuNPs. The SAED pattern (Figure Sb) shows the
standard face-centered structure of such polycrystalline AuNPs
and the diffraction rings corresponding to the (111) and (200)
planes can be observed clearly. Moreover, the hexagonal appear-
ance in such SAED pattern corresponds to the {1010} crystalline
planes of the high-crystallined LDH supports. Aberration-cor-
rected STEM-HAADF imaging was utilized to further determine
the size distribution of AuNPs supported on the MgAI-LDH. As
shown in Figure 6, obvious different particle size distribution of
AuNPs on lateral /basal planes (outside/inside the dotted line) of
LDHs can be observed.

Catalytic activity of the Au/LDH catalysts is shown in Table 1
for the epoxidation of styrene with TBHP as oxidant to SO. The
pure LDH exhibited an appreciable selectivity of 73.7% for SO
but with a very low reaction activity (styrene conversion of 6.8%
and TBHP conversion of 11.1%). Upon loading AuNPs, the
resulting Au/LDH showed a rapid increase in the reactant
conversion. Table 1 shows that the styrene conversion first
increased from 41.8% to 67.4% as the Au loading rose from
0.10% to 0.66%, and then underwent a decrease with an increase

235

in Au loading to 1.93%. Further increases in Au loading, however,
caused the increases in styrene conversion again. Also, we can see
that the TBHP conversion showed the same trend within the
experimental range. Although the size of AuNPs alone does not
seem to be a sufficient factor for the high activity of nanosized Au
catalysts, the exploration of the catalytic performance of AuNPs
on the reduce of the size has been the main focus of most research
in this field."®'® Haruta et al.* reported that the catalytic activity
of Au catalyst on different oxide supports (TiO,, t-Fe,Os,
Co30,) increases with the decreasing of the particle size of
AuNPs in the range of 2—10 nm. Valden et al.”>' found that
AuNPs of about 3.5 nm showed the highest activity in a series of
Au/TiO, catalysts. Table 1 demonstrates that the Au/LDH with
Au loading of 1.93% showed neither a higher styrene conversion
nor an enhanced SO yield in comparison with Au loading of
0.66%. Figure 4c shows that the Au/LDH sample with Au
loading of 1.93% contained a large percentage of AuNPs with
particle size larger than 10 nm located on the basal faces. Previous
studies have demonstrated that catalytic activity of AuNPs is
directly related to particle size at the nanometer scale. The
catalytic activity of AuNPs is found to decrease rapidly as the
particle size grows beyond 10 nm. In our case, we thus propose
that the conversion of styrene for the Au/LDH catalyst may be
conducted on the AuNPs with particle size of 2—3 nm, which
were deposited on the lateral {1010} crystal faces of the LDH
support. The turnover of frequency (TOF) values of series of
Au/LDH catalysts have been calculated. As can be seen in
Table 1, when the loading of Au is 0.1 wt %, the TOF value
reaches 970.2 h™'; with the increasing of the Au loading, the
TOF value decreases obviously, when the loading of Au is 5.48 wt
%, the TOF value is only 26.5 h™". The variation trend of TOF
value also confirms the catalytic reaction are closely associated
with the AuNPs located on the {1010} lateral crystal faces of
LDH support. Meanwhile, with the increasing loading of Au on
the LDH, the selectivity of SO showed a declining trend: with Au
loading ranging from 0.10% to 0.66%, the selectivity of SO
decreased from 89.1% to 73.5%. The main side-production is
benzaldehyde, with trace phenyl acetaldehyde. With the Au
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Figure 7. TEM image and the corresponding particle distribution of the
used Au/LDH catalyst containing 0.66% Au.

loading further increase, the catalyst samples can keep the similar
selectivity of SO. Figure 7 shows the TEM image and the
corresponding particle size distribution of the used Au/LDH
with Au loading of 0.66%. The preferential deposition of AuNPs
has been well preserved during/after the course of reaction, and
the particle size of the AuNPs on the lateral {1010} face is 3.0 +
0.7 nm, which is very similar to that of the sample before the
reaction. Such results indicate that the Au/LDH catalysts show
well structural stability after the epoxidation reaction.

A comprehensive evaluation of our Au/LDH catalyst with
other reported Au catalysts under the similar reaction condition
has been done, as can be seen in Table 1. Compared to the metal
oxide-supported Au/ MgO,34 Au/AlLO5,* and Au/TiO,>* cata-
lysts with Au loading larger than 6 wt %, our 5.48 wt % Au/LDH
catalyst displays an enhanced conversion of styrene and TBHP
and SO selectivity. Although a mesoporous alumina-supported
Au/meso-Al,Oj catalyst showed 84.3% of styrene conversion, the
high conversion of styrene was attributed predominately to
contribution from the mesoporous alumina support.®® Recently,
Auy; clusters supported on hydroxyapatite was developed by Liu
et al,*® which oxidized styrene in toluene with 100% conversion
and 92% selectivity to the epoxide, under optimum conditions.

To check if the catalyst retained its original activity and
selectivity, 0.1 g of catalyst (0.66% wt% Au/LDH) was repeatedly
used for the epoxidation of styrene for three times, and the
experimental results are plotted in Figure 8, overlaid with the
results obtained for fresh catalyst. The results show excellent
reusability with an evident improvement in both catalytic activity
and selectivity in the epoxidation.

In summary, we have demonstrated the preferential deposi-
tion of AuNPs with a narrow size distribution on the lateral
{1010} faces of LDH platelets. The crystal-face-selective sup-
porting of AuNPs on the LDH support can efficiently catalyze
the epoxidation of styrene with TBHP as oxidant to the SO
production. The conversion of styrene may occur on the AuNPs
with particle size of 2—3 nm, mainly deposited on the lateral faces
of LDH support. Our results show that the general formulation of
our experimental regulation, that depositing is controlled by
preferential adsorption on the highly reactive surface, provides a
framework appropriate for other layered inorganic crystal com-
pound and noble metal nanoparticles as well.

B EXPERIMENTAL SECTION

Preparation of MgAI-LDH Support. A solution of Mg-
(NO3)2'6H20 and AJ(NO3)3'9H20 dissolved in 75 mL of
deionized water with MgzﬂL/Alyr molar ratio of 2.0 and a total
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Figure 8. Reuse results of the 0.66 wt % Au/LDH: the conversion of
styrene and TBHP, and the selectivity of SO.

concentration of metal cations of 0.3 M, was placed in a
polytetrafluoroethylene vessel. Urea ([urea]/[NO; ] = 4.0)
was dissolved in the above solution. The container was sealed
and placed in an oven and maintained at 363 K for 3 days. The
solid was collected by filtration, washed with deionized water
until the washings reached a pH of 7.0, and subsequently dried at
373 K for 24 h.

Preparation of LDH-Supported AuNPs Catalysts. LDH
supported AuNPs catalysts were prepared by the homogeneous
deposition—precipitation (HDP) using urea as the precursor for
precipitating agent.* In a typical procedure, a known amount of
hydrogen tetrachloroaurate (III) trihydrate (HAuCl,-3H,O,
purchased from J&K Chemical Ltd.) with appropriate concen-
trations, which was adjusted to yield catalysts containing 0.10,
0.22, 0.66, 1.93, and 5.48 wt % Au, was prepared advanced and
stored at room temperature. Urea was added to the HAuCl,
solution to achieve a concentration of 0.42 M to a 100 mL round-
bottom flask, and then LDH powders were dispersed in the
HAuCl, solution. This aqueous dispersion was under continuous
stirring for S h at the temperature of 353 K and then aged for 2 h.
After the mixture was filtered, extensive washing with deionized
water then followed until it was free of chloride ions. Vacuum
drying at 363 K and air calcination at 473 K for S h of the sample
finalized the preparation of Au/LDH catalysts.

Characterization. Powder X-ray diffraction (XRD) patterns
were collected on a Shimadzu XRD-6000 instrument with Cu Kot
radiation in the 20 range from 3° to 70°. Elemental analyses for
Au were performed by inductively coupled plasma emission
spectrometry (ICP-ES) using a Shimadzu ICP-7500 instrument.
Samples were dried at 100 °C for 24 h prior to analysis, and
solutions were prepared by dissolving the samples in dilute
hydrochloric acid. To determine the Cl™ ions on the Au/LDH
catalysts, different samples with Au loading of 0.10 wt %, 0.22 wt
%, 0.66 wt %, and 1.93% were selected and characterized by X-ray
Fluorescence Spectrometer (XRF) on Bruker AXS S4-Explorer.
No signal of Cl is detected for samples with Au loading of 0.10
wt %, 0.22 and 0.66 wt %, because the amount of Cl  ions on the
LDH is lower than the detection limit 100 ppm. While for the
1.93 wt % Au/LDH sample, the residual Cl is only 350 ppm.
Therefore, it is concluded that the residual Cl ions of as-
prepared Au/LDH catalysts can be negligible. Transmission
electron micrographs (TEM) analyses were performed on
Tecnai G> F20 UTWIN (200 kV); scanning transmission
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electron microscopy and high-angle annular dark-field (STEM-
HAADF) imaging was carried out to determine the particle size
distribution in the catalyst. Scanning electron microscopy (SEM)
was recorded on a Zeiss Supra 55 instrument. X-ray photoelec-
tron spectra (XPS) of the catalysts were recorded with an SKL-12
spectrometer equipped with Mg Ko radiation. The binding
energies of Au 4f were corrected for surface charging by referen-
cing them to the energy of C 1s peak of contaminant carbon at
285.0 eV. The catalytic reaction was monitored by a gas
chromatography (Shimadzu Technologies, HP-624 capillary
column, 30 m X 0.25 mm) with flame jonization detector using
nitrogen as carrier gas and tetradecane as an internal standard
substance. Both the injector and detector temperature were 523
K. The products were identified by GC—MS using an HP5790
series mass selective detector. The reactant conversion, product
selectivity and styrene oxide (SO) yield were calculated as
follows: reactant conversion (%) = [(moles of reactant con-
verted) X 100]/[(moles of reactant in feed)], product selectivity
(%) = [(moles of product formed) x -100]/[(moles of reactant
converted)], and SO yield (%) = [reactant styrene conversion
(%) x product SO selectivity (%)/100].

Catalytic Reaction Procedure. The styrene epoxidation reac-
tion over the supported Au catalysts were carried out under air by
contacting 0.1 g of the catalyst with 10.18 mmol of styrene
(1.17 mL), 28.58 mmol (2.8 mL) of aqueous TBHP (65 wt.% in
water) and 56.24 mmol (S mL) of benzene in a magnetically stirred
glass reactor at the temperature of 353 K for 8 h. The 0.66 wt % Au/
LDH catalyst was selected for repeating the epoxidation process for
3 times. The catalysts were recovered by filtration, washed with
acetone, and then dried overnight at 313 K for 24 h under vacuum
conditions. Then the recovered powder 0.1 g was used to perform a
new reaction of epoxidation under the previous conditions.

Recyclability of 0.66 wt % Au/LDH Catalyst. The 0.66 wt %
Au/LDH catalyst was selected for repeating the epoxidation
process for 3 times. The catalysts were recovered by filtration,
washed with acetone, and then dried overnight at 313 K for 24 h
under vacuum conditions. Then the recovered powder 0.1 g was
used to perform a new reaction of epoxidation under the previous
conditions.
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