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Abstract Catalysts or support to catalysts based on lay-
ered double hydroxides (LDHs) have been widely inves-
tigated in the last few years. Supported Au nanoparticles
(NPs), prepared typically by a homogeneous deposition—
precipitation technique, have been utilized as catalysts with
high activity and selectivity for styrene epoxidation. We
herein present a preparation of chemically reduced and
cost-saving Ag NPs on the LDH support used as catalyst
for styrene epoxidation. A proper reaction condition is
optimized, for example, a loading of 2.67 wt% Ag, a
conversion temperature of 82 °C, and a conversion time of
8 h. The Ag/LDH catalyst exhibits enhanced reaction
selectivity and product yield in comparison with the Au/
LDH reported previously. Our results may initiate a facile
framework appropriate for noble metallic NPs supported
on layered inorganic crystal compounds.

Introduction

Catalysts or support to catalysts based on layered double
hydroxides (LDHs) have been widely investigated in the
last few years [1, 2]. LDHs, also known as one type of
multifunctional anionic clay [3-9], can be expressed by the
general formula [M7= M3 (OH),[""[A" ], yH,O, where
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the cations M>" and M>" occupy the octahedral holes in a
brucite (Mg(OH),)-like layer, and the anion A"~ is
between the hydrated interlayer galleries. Various studies
have demonstrated that the utilization of underlying LDHs
as support is able to facilitate the uniform deposition and
dispersion of the supported active nanoparticles (NPs) with
enhanced catalytic performances [10-14]. Supported metal
NP catalysts (such as Pd [10, 13], Au [11, 14], and Ni [12])
have hitherto been prepared either by an impregnating-
calcination process, or by direct immobilization, or by
intercalation of precursor.

Olefin epoxidation (especially for styrene) is an impor-
tant reaction to functionalize hydrocarbons due to the
capabilities of yielding versatile and valuable intermediates
[15]. Typically, supported Au NPs or cluster have been
widely utilized as catalysts for the reaction, such as Au/
metal oxides [16] and Au,s cluster/hydroxyapatite [17].
Recently, we have shown that the LDH-supported Au
catalysts [14], prepared by a homogeneous deposition—
precipitation (HDP) technique, exhibited the efficient
conversion of styrene with fert-butyl hydroperoxide
(TBHP) to styrene oxide (SO). Compared with gold NP
catalysis, silver, one less expensive group IB metal, has
also been investigated as supported catalysts, such as sur-
factant-guided Ag/Fe;O, raspberry-like nanosphere [18].
In the context of low operating conditions and cost-saving
preparation routes, it is still of genuine interest to prepare
efficient supported catalysts using a facile approach.

In this present study, we have prepared Ag NPs on the
LDH support with uniform particle distribution via facile
chemical reduction. Catalytic performances were tuned on
conversion of styrene using TBHP as oxidant under air
atmosphere initially by varying Ag loadings, then conver-
sion temperature, and further conversion time. And also,
the catalytic reusability was examined.
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Experimental
Preparation of Ag/MgAl-LDH catalyst

MgAIl-LDH support was prepared via a scalable method in
our recent studies [14, 19]. Ag/LDH catalysts were pre-
pared by chemical reduction. Briefly, a mixture of 5 mL
solution of AgNOj3 (0.017, 0.051, 0.086, and 0.117 mol/L)
and 20 mL suspension of LDH (1.0 g) was vigorous stirred
at 0 °C for 30 min [20], filtered, and washed with deion-
ized water. The following reduction was performed with an
aqueous solution of NaBH, under an argon atmosphere at
0 °C for 1 h to yield Ag/MgAl-LDH containing 0.93, 2.76,
4.65, and 6.32 wt% Ag. The catalysts were collected,
washed, and subsequently dried in vacuum at 60 °C for
24 h.

Catalysts characterization

Powder X-ray diffraction (XRD) patterns were collected on
a Shimadzu XRD-6000 instrument. Elemental analyses for
Ag were performed by inductively coupled plasma emis-
sion spectrometry (ICP-ES, Shimadzu ICP-7500 instru-
ment). Transmission electron microscopic micrograph
analyses were performed on JEOL JEM-2100 microscope.
The average size of Ag particles was determined by
Gaussian fitting the numbers obtained by manually mea-
suring ~200 particles. The specific surface area determi-
nation was performed by BET from the N, adsorption
measurements at 77 K using a static volumetric Quanta-
chrome Autosorb-1C-VP Analyzer. Gas chromatography
(Shimadzu Technologies, HP-624 capillary column,
30 m x 0.25 mm) was used to monitor catalytic reaction,
with flame ionization detector using nitrogen as carrier gas
and tetradecane as an internal standard substance. The
temperatures of the injector and detector were both 523 K.
The products were determined by GC-MS using an
HP5790 series mass selective detector.

Styrene epoxidation

A mixture of Ag/LDH catalyst (0.1 g), styrene (10 mmol),
acetonitrile (5 mL), and 5 mL aqueous solution of TBHP
(analytical grade, 65 wt% in water) was examined under
air atmosphere with the different Ag loading, at the reac-
tion temperatures, and then for a certain time. The
2.76 wt% Ag/LDH catalyst was selected for repeating the
process for 3 times. The catalyst was recovered by filtra-
tion, washed with acetone, and then dried at 60 °C for 24 h
under vacuum conditions. Then, the recovered powder
(0.1 g) was used to perform a new reaction of epoxidation
under the above conditions. Calculations of styrene con-
version, selectivity of styrene oxide (SO), benzaldehyde
(BA), and phenyl acetaldehyde (PA), yield of SO, as well
as turnover of frequency (TOF) were presented below in
accordance with our previous study [14]: reactant conver-
sion (%) = (Nreactant converted X 100)/Mreqctant in feed: prOdUCt
SeleCtiVity (%) = (”product X 100)/Rreactant converted; and SO
yield (%) = [Reactant conversion (%) x Product selec-
tivity (%)/100].

Results and discussion

The Ag NP catalyst on the underlying LDH was prepared
by using a typical chemical reduction of NaBH,. Figure 1a
shows XRD patterns of the resulting Ag/LDH catalysts.
The Ag/LDH catalysts and pristine LDH exhibit the char-
acteristic (00 /) at low 20 angles and (110), (113) at high 20
angles, clearly indicative of the characteristics of hydro-
talcite-like structure. The basal spacing value dyg; of
MgAI-LDH is calculated to be 0.74 nm, suggestive of the
intercalation of COs*>~ anions between the LDH layer
galleries [21]. Also, the intensities of (111), (200), and
(220) peaks of Ag increase gradually as the Ag loadings
increase from 0.93 to 6.32 %. The increase was confirmed
by UV-vis spectra (Fig. 1b), showing that a shift of the
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Fig. 2 TEM images and size distributions of the Ag/MgAIl-LDH catalysts with different Ag loadings: a, b 0.93, ¢, d 2.76, e, f 4.65, and g,
h 6.32 %. The inset shows a HRTEM image of the Ag/LDH catalyst from (c)

peaks can be discerned from 393 nm to 402 nm as Ag
loading increases from 0.93, 2.76, 4.65 to 6.32 %. The red
shift strongly reveals the abrupt increase in dimensional
size for Ag NPs at the high loading of 6.32 % [18], which
can be directly visualized by TEM results. TEM images
show that the Ag NPs are dispersed on the LDH support
(Fig. 2, panels a, c, e, and g). Histograms of size distri-
butions (Fig. 2, panels b, d, f, and h) clearly reveal that the
mean sizes of the Ag NPs measured are 6.1 £ 0.8,
6.2 + 0.7, 6.3 + 0.6, and 7.9 & 1.0 nm for the Ag load-
ings of 0.93, 2.76, 4.65, and 6.32 wt%, respectively. The
remarkable increase in dimensional size is in good agree-
ment with the above-mentioned shift of the UV-vis spec-
tra. Closer examination of high-resolution TEM reveals
that the measured spacing is 0.23 nm, corresponding to the
interplanar (111) spacing of Ag NPs, as observed by the
above XRD patterns. In addition, loading efficiency of Ag
(the ratio of loaded Ag/starting Ag) was examined by using
ICP. The ICP results obtained show that the Ag/LDH
catalysts have the loading efficiencies of 93.0, 92.0, 93.0,
and 90.3 %, respectively. Also, BET measurement shows
that the surface areas were determined to be 13.2, 12.9,

12.7, and 12.2 m*/g for the Ag/LDH catalysts with the
increasing Ag loadings, respectively. Perusal of the
approximate loading efficiencies and surface areas suggests
the reproducibility of utilizing the chemical reduction.

Our previous study has shown that the Au/LDH catalyst
with Au a loading of 5.48 wt% exhibited enhanced styrene
conversion, SO selectivity, and yield of SO [14], in com-
parison with the Au NPs on metal oxides (such as MgO
[16] and Al,O3 [22]). In this case, catalytic performance of
Ag/LDH catalyst was thus mediated initially by varying Ag
loadings. Table 1 indicates that the conversions of styrene
and SO yield increase dramatically with the increasing Ag
loadings from 0.93 to 2.76 wt%, and then slightly increase
up to the loading of 6.32 % Ag. The selectivity of SO was
observed to be preserved above 90 %, in marked contrast
to the low selectivity of the byproducts of BA and PA.
Considering the decreasing values of TOF (68.6, 36.4,
21.6, 17.4 h™") with increasing Ag loading, the loading of
Ag NPs was determined to be 2.76 %.

Conversion temperature was then tuned based on the
Ag/LDH catalyst with the fixed Ag loading of 2.76 wt%.
Table 2 shows that the conversion of styrene and

Table 1 Evaluation of epoxidation of styrene with TBHP over Ag/LDH catalysts by varying different loadings of Ag NPs

Ag loading (wt%) Styrene conversion (%) Selectivity (%) Yield of SO (%) TOF (h™ ")
SO BZ PA

0.93 49.9 94.7 5.0 0.3 47.3 68.6

2.76 80.7 91.1 8.5 0.4 73.6 36.4

4.65 82.5 90.2 9.4 0.4 74.5 21.6

6.32 90.2 90.2 8.9 0.9 81.4 17.4
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Table 2 Evaluation of epoxidation of styrene with TBHP by tuning different reaction temperatures based on the Ag/LDH catalyst with the fixed
Ag loading of 2.76 wt%

Reaction temperature (°C) Styrene conversion (%) Selectivity (%) Yield of SO (%) TOF (h™")
SO BZ PA

22 4.5 18.3 81.4 0.3 0.8 0.4

42 8.8 21.8 77.8 0.4 1.9 0.9

62 20.0 72.5 26.6 0.9 14.5 7.1

82 80.8 91.1 8.5 0.4 73.6 36.4

Table 3 Evaluation of epoxidation of styrene with TBHP over Ag/LDH catalysts by mediating different reaction times at 82 °C based on the
Ag/LDH catalyst with the Ag loading of 2.76 wt%

Reaction time (h) Styrene conversion (%) Selectivity (%) Yield of SO (%) TOF (h’l)
SO BZ PA
2 22.1 85.6 14.4 / 18.9 37.0
4 46.5 85.8 14.2 / 39.9 39.0
6 63.8 88.3 11.6 0.1 55.1 36.7
8 80.8 91.1 8.5 0.4 73.6 36.0
10 82.2 89.8 8.4 1.8 73.8 28.9
12 83.1 89.3 8.8 1.9 74.2 242
selectivity of SO significantly increase from room tem- 100
perature (22 °C), through 42, 62 to 82 °C. At 82 °C, the v )
maximum styrene conversion and SO yield were observed 80 - o
to be 80.8 and 73.6 %, respectively. Based on the maxi- 9 m I L.
mum value (36.4 h_l) of TOF achieved, an optimal tem- = @A ]
perature was determined to be 82 °C. E
Conversion time was further modulated at 82 °C on the E 40
basis of the 2.76 wt% Ag/LDH catalyst. Table 3 shows that 3 r
with extending conversion times to 8 h, the conversion of 20 4
styrene and the SO yield increases dramatically and then
remains almost constant when approaching 12 h. The 0 ' ! ' ! !
1

maximum selectivity of SO was found to be at the reaction
time of 8 h. In the context of convenient, time- and cost-
saving formulization, the reaction conditions were thus
optimized to be a loading of 2.67 %, a conversion time of
8 h at 82 °C. At the optimized conditions, the styrene
conversion, SO selectivity, and yield of SO were achieved
to be 80.8, 91.1, and 73.6 %, respectively.

Reusage was examined for the above-optimized
2.67 %Ag/LDH catalyst. Upon repeating the process 3
times, no remarkable decrease was observed for styrene
conversion or yield of SO, and the values of selectivity of
SO and TOF were almost constant (Fig. 3). Also, ICP
results show that no Ag was detected in each filtrate after
repeating 3 consecutive runs with the same catalyst sample.
This suggests an acceptable reusability in both catalytic
activity and selectivity for the epoxidation. Additionally,
this reusability of the Ag NPs/LDH catalyst manifests that
the chemical reduction via NaBH, is indeed one effective
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Fig. 3 Reuse results of the 2.76 wt% Ag/LDH catalyst examined for
8 h at the temperature of 82 °C

and reproducible method to prepare noble metallic NPs on
the underlying supports, as reported previously for the
catalysts such as Auw/LDH [23], Pd/LDH [13], Ag/
hydroxyapatite [24], and Au-Pt nanoalloy particles/poly-
mer bead [25].

Comparison with the supported Au NPs shows that in
this case, the optimized Ag/LDH catalyst exhibited highly
enhanced SO selectivity and yield of SO compared with the
Au/LDH catalyst at the similar reaction conditions [14].
Also, previous studies of epoxidation of styrene have
demonstrated that both the supported Au,s cluster [17] and
the raspberry-like Ag/Fe;O, [18] showed the excellent
styrene conversions of 100 %. When considering the
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fact that the surface areas of the Ag/LDH catalysts were
determined by surface area measurement (BET) to be 13.2,
12.9,12.7, and 12.2 m2/g for the Ag loadings of 0.93, 2.76,
4.65, and 6.32 %, respectively, we found out that all the
Ag/LDH catalysts exhibited the approximate but low sur-
face areas. The enhancements of the previous studies could
initiate us to improve the Ag/LDH catalysts in terms of
hierarchical nanospheres and high surface area.

In addition to styrene epoxidation [18], supported Ag
NPs are able to act as effective catalysts for other types of
reactions in the form of either mono- or bi-metallic NPs
[26-31]. The metallic NP catalysts used and the corre-
sponding reactions include Ag/MgAI-LDH catalyst for
oxidant-free alcohol dehydrogenation [26], Ag/silica for
alkylation of arenes [27], Ag/hydroxyapatite for aqueous
oxidation of phenylsilanes to silanols [24], Ag/Al,O5 for
ethylene epoxidation [28] and hydrogen auto-transfer C—C
coupling reaction of alcohols [29], and Au—Ag bimetallic
NPs/silica for CO oxidation [30], as well as Pd—Ag bime-
tallic NPs/Al,O; for ethylene epoxidation [31]. Comparing
with the above-mentioned supports (such as hydroxyapa-
tite, silica, and Al,O3), the LDH support has been dem-
onstrated to act as quite effective supports for metallic NP
catalyst, due to the collaborative contributions to the cat-
alytic reactions resulting from both acid—base hydroxyl
group pairs on the LDH layer surface [32] and the uniform
deposition and dispersion of the supported NPs [10-14]. In
this case, the Ag/LDH catalysts could be expected to
extend readily to the above reactions such as oxidant-free
alcohol dehydrogenation and ethylene epoxidation.

Conclusion

We have explored a formulation of cost-saving Ag/LDH
catalyst used for epoxidation of styrene. It is possible to
formulate catalytic reaction conditions by initially varying
loading of Ag NPs, then reaction temperature, and time. The
optimized Ag/LDH is able to exhibit an enhanced conver-
sion of styrene and SO selectivity in comparison with the
supported Au NPs catalysts reported previously under
the similar reaction conditions. Our results may allow for
preparation of promising and cost-saving supported metallic
NP catalysts with enhanced catalytic performances.
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