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Abstract

Three kinds of mesoporous alumina (denotednaseAl ,Oz-x (X=a, b, ¢)) supports with different surface basicity were synthesized by
different structure-direct agent and different assembly pathway, respectively. The surface basicitpesaid,Oz-x and the commercial
v-Al,03 was measured by means of EGOPD and IR spectroscopy. The profiles of SOPD and IR spectra indicated that the mesoporous
alumina owned more abundant surface basic sites than thaAbfOs. Au nanoparticles deposited on the above supports via the method
of homogeneous deposition precipitation (HDP) using urea as the precipitation agent. The supported Au catalysts were characterized b
N, adsorption—desorption isotherms, TEM, XPS and testing the catalytic performances in the epoxidation of styrene. The dispersion anc
average size of the gold particles are dependent of the number of surface basic sites on the supports. Transmission electron microscopy (TEI
observations show a homogeneous distribution of gold particles lower than 4 nmes®Al,0;-b andmeseAl,0;-c, which owned more
basic sites on the surface. XPS spectra reveal that only metallic state of Au is presented on the supports, which is independent of surfac
properties. The different AD; supported Au catalysts were employed as highly active/selective and reusable catalysts for the epoxidation of
styrene by anhydrousbutyl hydroperoxide (TBHP). Au nanopatrticles as well as the surface basic sites of the support are responsible for the
epoxidation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction HAuUCI, is used as the typical metal precursor. The chloroau-
ric anion hydrolyzes in solution to form [Au(Okla_n]~
Supported gold catalysts are very active in catalyzing (n=1-4) which the interaction with the support proceeds
many types of reactions like the low temperature oxidation of by an anionic adsorption to precipitate gold as Au(@H)
COJ1], oxidation of ethylene glyc¢R] andp-glucosd3], the [12—-14]The surface of the support acts as a nucleating agent,
epoxidation of propend,5]and styreng6,7], hydrogenation and therefore the properties of the support material play a pre-
of crotonaldehydg¢8] and the reduction of nitrogen oxides dominant role in the formation and stabilization of particle
[9], etc. Itis known that the activity of gold catalystsis related size of gold, which finally influences the catalytic activity
to the Au particle size, Au oxidation state and the nature of of the resulting catalysf10,15-19] As a result, the iso-
the support material. Recently, versatile methods have beerelectric points of the supports with IEP7, such as TiQ
reported to prepare the gold nanoparticles with high disper- (IEP =6), CeQ (IEP =6.75)[20], ZrO, (IEP =6.7)[21] and
sion on different supports. Among the available methods, FeO3 (IEP =6.5-6.9)22] produce highly active catalysts.
the method of deposition—precipitation is one of the most However, the acidic support, such as SIQEP =1-2), is
successfully usefll,10,11] In such a preparation method, found to be an unsuitable support material for gold catalysts
prepared via deposition—precipitation due to the highly nega-

* Corresponding author. Tel.: +86 731 8872576; fax: +86 731 8872531, tvely charged surface of Sgloes not allow the adsorption
E-mail addressyindh@hunnu.edu.cn (D. Yin). of [Au(OH),Cls_n]~ species onto the support surfddé&].

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.06.044



D. Yin et al. / Journal of Molecular Catalysis A: Chemical 240 (2005) 40-48 41

Al>,0O3 (IEP =8-9) with the amphoteric character used asa Method A [36]: a 6.078g of triblock poly(ethylene
support to deposit gold has been reported as being eitherglycol)-poly(propylene  glycol)-poly(ethylene  glycol)
very active, or as expressing a certain degree of activity or (EOxoPO;0EOyg (P123), BASF) together with 0.060¢g
even being inactive during CO oxidation atroom temperature, LaCls was dissolved in 25 mL sec-butanol, and then 5.4 mL
[23,24] For example, significant differences in the catalytic aluminum sec-butoxide (Aldrich) was added with stirring.
activity of CO oxidation were obtained over the gold catalysts After stirring for 1 h at ambient temperature, a dilute solution
prepared o-Al 203 from two different supplies at the same of water in sec-butanol (1.14 mL 4@/10 mL sec-butanol)
conditiong15]. Itis suggested that the physical and chemical was added with dropwise. The molar composition of the
state of the different alumina supports could influence the par-final reaction mixture was 0.01 B&1.0 Al(Bus0)3:0.10
ticles size of gold, and therefore the catalytic activity of the P123:3.0 HO:15.5 BJOH. The mixture was stirred at
resulting catalysts. However, no systematic study concern-45°C for another 48 h. The product obtained was filtered,
ing the surface basic sites of the supports on the formationdried in air and calcined at 50C for 6 h in flowing air. The
of nanometer gold particles and on the catalytic activity has mesoporous alumina prepared via a neutrd®Nassembly
been published yet. using P123 as a structure-directing agent is designed as
The selective and efficient epoxidation of olefins to obtain meseAl,03-a.
epoxides has become very important, since the epoxides are Method B[37]: (1) a solution containing 0.8 g NaOH in
versatile intermediates in organic synthesis of fine chemi- 4 mL H,O was added to 80 mL triethanolamine and heated
cals and pharmaceuticals. Epoxidation has traditionally beenat 120°C for 5 min to evaporate the water. Over this solution,
carried out using peracid25], and the procedures are very 21.8 mL aluminum sec-butoxide was added dropwise with
costly and usually produce huge amounts of carboxylic acids stirring. The resulting solution was then heated at 450
as side products. Hence, it is highly desirable to replace thefor 10 min (solution I). (2) 14.56 g cetyltrimethyl ammonium
conventional process with an environmentally benign pro- bromide (CTABr, SCR) was dissolved in 240 mL,® at
cedure. Heterogeneous catalysts, such as Ti-silical2&]1 60°C (solution Il). (3) Solution | was slowly added to solu-
Ti-B zetolite[27], Ti-SiO, [28], TS-2[29] andy-Al 203 [30], tion Il with vigorous stirring at 60C, and the mixture was
are proposed as alternative catalysts because of easy sepalowed to age for another 72 h. The precipitate was filtered,
ration from the reaction mixture and reusability. However, washed with ethanol, dried at 3G and calcined at 500C
these catalysts showed either poor activity or low selectivity for 5h in flowing air. The mesoporous alumina prepared via
for the epoxides. Recently, Choudhary and co-workers havean electrostatic ST~ pathway using CTABr as a structure-
reported liquid-phase epoxidation of styrene by anhydtous directing agent is designed aseseAl ,0s-b.
butyl hydroperoxide (TBHP) over gold supported on various  Method C: a solution of 4.60g aluminum nitrate
supports[6,7]. They found that the activity and the epoxide (AI(NO3)3-9H,0, Fluka) dissolved in 20 mL O was added
selectivity were depended on Au particles size and the natureto the solution of 1.50 g chitosan (DAC degree >91.3%, vis-
of supports. cosity 75 mPast, Yuhuan Ocean Biochem. Co. Ltd. China)
Organized mesoporous alumina represents a very interestin 50 mL of CHsCOOH solution (5%, v/v) under stirring for
ing molecular sieve exhibiting a narrow pore size distribution 1h. And then, the mixture was added dropwise to a 800 mL
with worm-like structure, higher surface areas and abundantof aqueous ammonia solution (50%, v/v) with vigorous stir-
of surface hydroxyl groups compared to conventional alu- ring for 1 h. The precipitate was filtered and washed with
mina [31]. Recently, there are some reports regarding the water, dried at 30C for 72h and calcined at 55C for
formation of Au nanoparticle in thenesesilica andmese 1.5h in flowing air. The obtained mesoporous alumina by
titania[19,32—-35] However, using mesoporous alumina as a the structure-directing agent of chitosan is designedess
support for deposition of nanometer Au catalysts has neverAl,03-c.
been reported. The objective of this work is to understand the
effect of surface basicity of mesoporous alumina synthesized2.2. Preparation of catalysts
by different structure-direct agent on the distribution and
on the size of Au nanoparticles, aiming to improve catalyst meseAl,03-a, meseAl»,03-b, meseAl,0O3-c and the
activity for liquid-phase epoxidation of styrene by anhydrous commercialy-Al,O3 (provided by Changling Oil Refine Cor-
TBHP. poration, calcined at 55 for 6 h before use) were used
as the supports for deposition of gold, respectively. The
supported gold catalysts were prepared by the method of

2. Experimental homogeneous deposition precipitation (HDP) using urea as
a precipitation reagent. In a typical procedure, 1 g of alumina
2.1. Preparation of mesoporous alumina support was added to 100 mL of an agqueous solution contain-

ing HAUCl (9.71x 10-3M, 10.5mL). The initial pH was
The different mesoporous alumina was prepared by the about 4. Excess urea (Acros, p.a.) was added. The suspen-
following three kinds of method with different structure- sion was vigorously stirred and heated to 70=Z5n order
directing agent. todecompose the urea. This temperature was maintained until
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the pH of the solution reached gradually from 4 to 7.8. The determined by examination of several micrographs. The aver-
suspension was then cooled down and filtered, washed withage particle diametads was calculated using the following
hot deionized water several times until no Glas detected  formula: ds = Zn,-df/ Zn,-dl?, wheren; is the number of

by silver nitrate solution (0.1 M) in the filtrate. The result- particles of diameted;. At least 200 particles were chosen
ing Au/Al,O3 was dried overnight at 8CC in air, followed to determine the mean diameter of gold particles. X-ray pho-
by calcined in air at 330C for 1 h under a heating rate of toelectron spectroscopy (XPS) analysis was performed using
5°C min—! and then calcined at 30C for 0.5 h in a flow of an Escalab MK2 spectrometer. The spectra were acquired

4% (vIv) Hp/He. using a monochromatic Mg dradiation source and at the
pressure below % 10~/ Pa. The binding energy scale was
2.3. Catalyst characterization referred to the C 1s line at 284.6 eV.

The BET surface area and textural structure were mea-2.4. Catalytic activity
sured by nitrogen adsorption at liquid nitrogen temperature
inaMicomeritics ASAP-2400 apparatus. Before analysis,the  The styrene epoxidation reactions over the supported
samples were degassed 4 h at 260n vacuum. The surface  Au catalysts were carried out at atmospheric pressure by
areas were calculated using the BET method. The isoelectriccontacting 0.1g catalyst with 1.2mL (10 mmol) styrene,
point (IEP) of alumina suspension was determined using a2.8 mL (15.4 mmol, Aldrich) anhydrousbutyl hydroper-
Brookhaven Zeta 90Plus Instruments. The ground aluminaoxide (5.5M in decane, Fluka) and 5mL benzene in
samples (0.01 wt%) were dispersed in an electrolyte solutiona magnetically stirred glass reactor (capacity: 18km
containing 1 mM KCl as supporting electrolyte. The pHvalue at ca. 82-83C for 12h. The reaction was monitored
was adjusted carefully by adding HCI (0.01 M) or NaOH by gas chromatography with flame ionization detector
(0.01 M). Zeta potential was measured following the proce- (Agilent Technologies 6890N, DB-35 capillary column,
dures described in the instrument manual. The pH of the sus-30 mmx 0.25mm), Helium as a carrier gas, injector tem-
pension was measured at the end of agitation to an accuracyperature 250C, the detector temperature 280, oven tem-
of £0.02 with a REX Model PHS-3C pH meter. The isoelec- perature program 11@ (2min)— 15°C min— 130°C
tric points of the samples obtained by reading the intercept of (0.5 min)— 1°C min-1 — 140°C (2 min), using dodecane
the trend lines with the horizontal line of 0 mV are given in as an internal standard substance. The products were iden-
the plot of pH—zeta potential. The temperature-programmedtified by GC-MS using an HP5790 Series mass selective
desorption of CQ(CO,-TPD) was measured inahomemade detector. The used catalyst was washed with benzene, and
equipment with mass spectrum (Balzers Omni$fa200) as then it was reused for the subsequent epoxidation of styrene
a detector. The C®adsorption temperature was 30, and for testing the catalyst reusability.
the temperature was ramped 5@at a rate of 10C min—1.
FTIR analysis was carried out using a commercial instrument
(Thermo Nicolet, Avatar 370) equipped with a controlled- 3. Results and discussion
atmosphere chamber. The IR spectrum was measured in the
reflection mode at 32 scans with a resolution of 2-¢rand 3.1. Catalyst characterization
corrected for the background spectrum. Pretreatment of the
self-supporting wafer was performed by evacuatior €1Pa) 3.1.1. Textural properties of the supports
at 573 K for 1 h. Bright-field images of transmission electron The textural properties of the mesoporous,@d-x
microscopy (TEM) were carried out in a JEOL JEM2010 (x=a, b, ¢) andy-Al,O3 were characterized by the,N
microscope operating at 200 kV. The samples were dispersedadsorption—desorption method. The specific surface area,
in ethanol by sonication and dropped on a copper grid coatedpore volume and the mean pore diameter of the samples
with a carbon film. Micrographs at various positions were are summarized iffable 1for comparison. Obviously, the
taken and the size of the preferentially present particles wasmeoporous AlO3 have a higher specific surface area and

Table 1

Textural properties of the supports and the supported gold cafalysts

Sample BET surface area fmg1) Pore volume (crig—1) Mean pore diameter (nm) IEP (pH)
meseAl,03-a 325 0.93 7.5 8.4
meseAl,03-b 302 0.78 7.2 9.4
meseAl,03-c 271 0.50 4.9 9.2
v-Al,03 108 0.43 29 8.4
Au/meseAl,03-a 259 0.49 4.9 —
Au/meseAl,03-b 355 0.59 4.3 -
Au/meseAl ,03-c 310 0.48 4.5 —
Au/y-Al,03 92 0.46 28 -

@ The Au loading over the support is 2.0 wt.%.
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larger pore volume than that of the commercjahl>0s.
Furthermore, the specific surface area and pore volume of the
mesoporous AlOs depend on the different structure-direct _
agent during the synthesized procedumeseAl ,0s-a and —
meseAl,0z-b obtained via the RI® assembly pathway with A
P123 as the structure-direct agent and th& Sassembly
pathway with CTABr as the structure-direct agent have a
higher specific surface area, lager pore volume and wider pore
diameter than that aheseAl,Os3-c prepared with chitosan _ e
as the structure-direct agent. All the samples of mesoporous —_—
Al>03 have a narrow pore size distribution, but the pore size T d
distribution of they-Al 03 is rather broad due to the aggre- 300 400 500 600 700 800
gate of nanosized nonporous particles. Temperature (K)

The specific surface area, the pore volume and mean pore
diameter decrease after Au particles deposited on the supFig. 1. CQ-TPD profile of meseAl203-b (a), meseAl20s-c (b), mese
ports ofmeseAl,Oz-a andy-Al ,03, which are in agreement ~ Al20s-a (¢) andy-Al20s (d).
with previously publish when gold particles are dispersed ) o
on the support of SBA-1532]. Interestingly, the surface orption amount of CQ, Fhe number of surface basic sites on
areas increase as gold particles deposited on the supports g€ mesoporous alumina follows the ordemoéseAl>03-
meseAl ,03-b andmeseAl ,03-c. Somorjai and co-workers P >MeseAl203-C >meseAl203-a>y-Al203. The compari-
obtained the similar results when the gold nanoparticles SOn of isoelectric points value of all the supports listed in
incorporated into the silicate materials of MCM-41 and Table 1also indicated that the surface basic properties of
MCM-48 [33]. This is probably caused by the fact that meseAl,03-b andmeseAl,0s-c are stronger than that of
more gold particles are small enough and arrange on theMeS@Al20z-a andy-Al203. _
pore surface of the supports as spherical and half-spherical  F19- 2shows FTIR spectra in the region of the OH stretch-
forms to accommodate more nitrogen molecules. On the N9 mode of the different alumlna samples after evacuation
other hand, the pore volumes and pore diameters of the samYnder vacuum at 573K. An intense broad band centered
ples decreased. Similar observation is obtained when organicd 3738 cm™ accompanied by shoulders at the region of

1
groups are anchored onto the pore surface of NIl The 3§81—3618 cm* appears on the samples of.mesoporous alu-
difference of the surface area should be resulted from the Mina. The OH band of 3738 cm corresponding to the over-

different surface properties of the supports which leading 12PPing of bands is assigned to OH species bridging two and
to different Au particles size when Au species deposited on thrée Al atoms in octahedral sites as well as two Al atoms

Intensity (a.u.)
/
f

them. in 4- and 6-fold coordinatiofi39], which is related to the
surface basic sites. Apparently, the hydroxyl group vibration
3.1.2. Surface basicity measurement of mesoporous alumina differs from that 9fAl,O3. Only

From the results of the textural properties of the sup- & Weak band centered around 3738¢ris observed on the

ports and the supported Au catalysts, we can conclude thatcommercialy-Al203. The relative intensities of the OH group
the mesoporous ADs and y-Al»O3 should have different vibrations of mesoporous alumina are evidently higher than
surface properties. Therefore, we use the means of- CO those ofy-Al 203, indicating that the number of surface basic

TPD to measure their surface basic properttég. 1 shows
only one asymmetric broad peak on the profiles of the four
kinds of AlbO3z. The maximum temperature of GQles-
orption peaks are close each other and near°C20Fur-
thermore, the number of surface basic sites on the four
kinds of Al,O3 corresponding to the areas of g@esorp-
tion peaks are different. The desorption amount of,CO
are 0.0369 mmolg! for meseAl,0z3-a, 0.0606 mmol gt

for meseAl,03-b, 0.0503 mmol gl for meseAl,0O3-c and
0.0130 mmol g? for y-Al 03, respectively. Apparently, the
mesoporous alumina with wormhole structure possesses ¢
more abundant surface basic sites owing to their high sur- e U -
face area. However, among the three kinds of mesoporous
Al»03, the support oimeseAl,0z-a with the highest sur-
face area shows the least number of surface basic sites. This
should be attributed to the different structure-directing agent rig. 2. |R spectra omeseAl,03-b (a), meseAl ,05-a (b), meseAl,03-c
used during their synthesis process. By comparing the des-c) andy-Al,0s (d).

—3738
—3681
— 3618

Absorbance

T T T T T
3800 3700 3600 3500 3400 3300 3200
Wavenumber (cm’)
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sites on the mesoporous alumina samples is greater than thaand distribution on the different AD3 supports are mainly
onvy-Al,0s. affected by their surface basicity.

3.1.3. TEM observation 3.1.4. XPS characterization
The morphology and particle size of the gold on the dif- Although the catalytic activity of gold catalysts in the low
ferent AbO3 supports have been determined by TEM (see temperature CO oxidation has been intensively studied dur-
Fig. 3). The gold particles are seen as dark contrasts on theing the last decade, the nature of the active species is still
surface of the supports. TEM micrographs show that the dif- discussed controversially. It has been suggested that the role
ference of the average size of the metallic gold particles with of the metal oxide is the stabilization of the gold nanoparti-
the change of supports. A homogeneous distribution of gold cles and that the reaction takes place on the gold suffdce
particles with the size of lower than 4 nm is observed all over Some authors proposed that the reaction takes place at the
the surface ofmeseAl ,03-b andmeseAl,0s-c, which pos- gold/metal oxide interface and that the metal oxide could act
sessed more abundant surface basic sites and higher surfac&s a source of oxygei6]. Also the electronic structure of
areas Fig. 3 and c). The Au particles with the diameters gold in active catalysts is unclear, but most of other authors
less than 2nm are also seen on theseAl,0s-b support suggest metallic gold to be the active species. The XPS spec-
as well as those with diameters of 3—4 nm. The average sizetra of the Au 4f (region Au 4f; and Au 4§,2) are employed
of the gold particles on the support ofeseAl,03-b and to investigate the state of gold on the different supports. The
meseAl,03-c is 3.2 and 3.6 nm, respectively. However, the results indicated that only a binding energy of 83.8eV for
distributions of gold particles on supports wieseAl ,03- the Au 4f/, electron and 87.5eV for the Au}$ electron
a andy-Al,03 are not so uniform as that aneseAl ,03-b (A =3.7 eV) with the change of supports for the fresh sam-
even that the supportsofeseAl ,0s-a has the largest surface  ples. The binding energy indicates exclusively®uparticles
area Fig. 3a and d). The average size of the gold particles on without any trace of higher oxidized species on the four kinds
the support omeseAl,03-a andy-Al 2,03 is 4.4 and 4.9 nm, of Al,O3 surface. The surface basicity of the support has no
respectively. This observation demonstrates that the differ- effect on the state of gold if the Au catalysts prepared at the
ences in the final dispersion and average size of the metallicsame conditions.
gold particles deposited on the surface of the four supports are
mainly a consequence of their different surface basic proper-3.2. Catalytic properties
ties, although a positive influence of a higher surface area of
the supports cannot be ruled out. The more the number of the3.2.1. Effect of supports
surface basic sites has, the better of the gold particles distri- Table 2summarizes the results of epoxidation of styrene
bution and the smaller of the mean diameter are obtained. using anhydrous TBHP as an oxidizing agent over Au cata-
It is known that with increasing the basicity of supports, lysts supported on different AD3. The effect of supports on
the pH at the support solution interface is increased, result-the conversion of styrene and the selectivity of the styrene
ing in more precipitation of hydroxylated gold species on oxide was investigated. As can be seen from this table, the
the support surface due to an increase of Gbh concen- epoxidation of styrene is very slow in the absence of catalyst.
tration at the interfac§l5]. The OH™ ions on the surface  However, the different support of AD3 used as a catalyst
of support can exchange the chloride ions in the species ofshows the different catalytic activity, which is different from
[Au(OH)nCls_pn]~ (n=1-4) to decrease the residuatGind the reports of Choudhary and co-workér$. They did not
to form [AuCI(OH)s]~ precursor, resulting in small and high  find apparently conversion of styrene overn@§ support.
dispersion of gold particles on the supports. Furthermore, in Our results suggest the surface basic sites of the supports
the preparation of Au/AlOs catalysts by HDP method, the facilitating to the epoxidation should not be ruled out com-
gradual and homogenous addition of hydroxide ions through- pletely. Furthermore, the catalytic activity increased with
out the solution avoids local increasing in pH value in the increasing the surface basicity of the supports. Kirm et al.
solution, which is always below the IEP value of the supports. also observed that the basic sites of hydrotalcites with dif-
It can be inferred that the surface-charged alumina supportferent atomic ratio of Mg/Al play an important role in the
is always positive, which should be in favor of attracting epoxidation of styren¢40], and also the catalytic activity
negatively charged species of [Au(Qi€)l4—n]~ (n=1-4) increased with the surface @ted basic sites.
in solution, especially for the complex of [AuUCI(O]) . For the AumeseAl,03-a, AuimeseAl,03-b, Auimese
The obtained average gold particle size should be smaller atAl,O3-c and Auk-Al 03 catalysts, the difference of selectiv-
the surface of the support with higher IEP value. Therefore, ity to styrene oxide is not significant. However, the catalytic
the supports omeseAl ,03-b andmeseAl ,03-¢c with more activity follows the order of AuheseAl,0s-b>Au/mese
number of the surface basic sites are advantageous for the forAl ,03-c > Au/meseAl ,03-a > Auky-Al 203, which is coin-
mation and stabilization of small gold particles. Combining cident with the Au particle size and the surface basic sites on
with the results of surface areas and IEP value of the supportsthe supports. The catalyst of AnéseAl ,03-b shows 84.3%
obtained inTable 1 as well as the determination of surface of conversion, which is higher than that the results obtained
basicity inFig. 1, it is proposed that the gold particles size overthe catalyst of Au/AlOs in the referencr]. It should be
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Table 2
Performance of Au catalyst with different supports in styrene epoxidation
Catalysts Styrene conversion (%) Selectivity (%)

Styrene oxide Benzaldehyde Phenyl acetaldehyde Cthers
No 8.3 75.9 14.6 4.7 4.8
meseAl,03-a 38.6 65.0 18.0 5.2 11.8
meseAl,03-b 50.3 66.9 21.0 5.2 6.9
meseAl,03-c 43.8 65.8 20.1 2.0 12.1
v-Al203 36.0 69.9 16.4 4.7 9.0
Au/meseAl,03-a 71.1 65.6 24.5 6.4 3.5
Au/meseAl ,03-b 84.3 69.0 23.0 3.6 4.4
Au/meseAl,03-c 76.1 67.4 22.3 55 4.7
Auly-Al,03 64.5 67.8 25.6 3.3 3.3

@ The reaction was performed at 82 for 12 h over 0.10 g of the supported catalyst with 2.0% of Au loading.
b Others are benzoic acid and phenyl acetic acid.

Table 3
The effect of Au loading on the epoxidation of styr&ne
Gold loading (%) Styrene conversion (%) Selectivity (%)
Styrene oxide Benzaldehyde Phenyl acetaldehyde Gthers
1.0 68.5 74.7 19.3 3.6 2.4
2.0 84.3 69.0 23.0 3.6 4.4
35 100 60.3 30.1 3.6 6.0
5.0 100 58.8 28.0 4.0 9.2

@ The reaction was performed at 82 for 12 h over 0.10 g of the supported catalyst.
b Same as ifTable 2

attributed to more homogeneous distribution and the smallerworkers reported that the activity of the Au/Ti@atalyst for
average Au particle size (3.1 nm) in our experimental. It is CO oxidation is mainly affected by the amount of moisture
known that the epoxidation activity of the supported gold cat- adsorbed on the catalygtl]. They found that the suppres-
alysts is mainly attributed to the low coordinated Au atoms sion of the reaction by the excess amount of water could be
at the corners and edges of nanosize gold particles even thaéxplained by blocking of the active sites. A series of exper-
the catalytic reaction mechanism is not yet cléar]. There- iments is carried out using AnneseAlO3-b as a catalyst
fore, the small Au particles are presented homogeneously onto examine the effect of water content on the catalytic prop-
the surface of the support should exhibit the high activity for erties. The results are shown kig. 4. It can be seen that
the epoxidation of styrene. The smaller size of Au particles the conversion of styrene and selectivity of styrene oxide
is, the higher catalytic activity can be obtained. Therefore, remain almost unchanged with addition of water less than
both the Au nanoparticles and the surface basic sites of the2%. The results suggest that the low concentration of water
supports can catalyze the epoxidation of styrene, but the Au
particles dispersed homogeneously onto support with small

particle size should play major role for the epoxidation. go_ "
85- e

3.2.2. Effect of Au loading <

Table 3summarizes the results of epoxidation of styrene = 804
over the catalyst of AueseAl,0Os-b at various Au loading. '3 1 =
Itis expected that the conversion of styrene increased with an 5 759
increase of the Au loading. However, the selectivity to styrene 2 70
epoxide decreased due to the increase of benzaldehyde selec- 5 | — a
tivity. When Au loading is up to 3.5wt%, the conversion of S g5lee —
styrene is up to 100%, but the selectivity of benzaldehyde, g ] \.
benzoic acid and phenyl acetic acid increase. These results 560 e —_ b
indicate that Au nanopatrticles on the support 0§@d are © *
the main active sites for the epoxidation of styrene. 55 T

TTrrrrrrrrrrro T T T
0 102030405060 100 110 120 130
Water / (%)
3.2.3. Effect of water

It |S significant that the activity of Au nanoparticles is  Fig. 4. Effectofamounts of water on conversion of styrene (a) and selectivity
sensitive to the water content on the catalyst. Haruta and co-of styrene oxide (b).
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Fig. 5. TEM micrographs and size histogram of Au particles in the catalyst ah@sBAl ,03-b separated from reaction by addition of 20% water.

in the reaction has not significant effect on the catalytic activ- 3.2.4. Reuse of the catalyst

ity and selectivity. With an increase of water content from5  The used catalyst of AmleseAl ,0s-b was washed with

to 20%, the catalytic activity decreases (from 84 to 72%). benzene, and then reused for the subsequent epoxidation of
In this case, the color of the catalyst turned from wine to styrene. The above procedure was repeated for eight times
pink, which is suggested that high content of water result and the results are shownhig. 6. It was observed that there

in aggregation of Au particles on the support. It was con- was no noticeable decrease in activity even up to five sub-
firmed by the TEM image of the Au/AD3-b catalystFig. 5), sequent runs. Only 3% catalytic activity (from 84 to 81%)
where the catalyst was separated from the reaction systenis lost after the catalyst reused nine times. Interestingly, the
with addition of 20% water and then dried at 8D in vac- trend of the selectivity of styrene oxide increases slightly.
uum. Itis observed that the gold particles become large with These results indicate that the catalyst is relatively stable in
the average gold particle size of 8.7 nm. Only 70% of con- the epoxidation of styrene using anhydrous TBHP as an oxi-
version was obtained if the dried catalyst was used again.dant.

The lost activity is attributed to the adsorption of water on
the catalyst leading the unstable small Au nanopatrticles to
aggregate together. Wh_en the content of water exceedg 25%4_ Conclusions
the change of conversion of styrene and the selectivity of

styrene oxide are not apparent. In this case, the remained
activity of the catalyst is mainly from the surface basic Al
sites.

The surface basic sites on the support of mesoporous
203 influence the final dispersion and average size
of the obtained gold particles during the homogeneous
deposition—precipitation process. The more number of the
90 surface basic sites are advantageous for to form uniform and
smaller size of Au nanoparticles. The supported nanometer
—a Au catalyst shows high catalytic activity and selectivity for
tea the liquid-phase epoxidation of styrene by anhydrsistyl
hydroperoxide. Smaller size of Au particles and surface basic
sites on the support are responsible for the catalytic reac-

804

Conversion and Selectivity(%)

b . L . .

704 A/‘;A%A__A,Af‘/" tion. Due to the possibility to separate easily and reuse in the
reaction, the gold nanoparticles supportedaseAl ,03-b
should be a promising heterogeneous catalyst for the epoxi-

60 dation of alkylene.
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