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Au/Ti-HMS was prepared by in situ method, NHs3 deposition-precipitation (NH3 DP) and urea
deposition-precipitation (Urea DP), respectively. The catalysts were characterized by a series of
techniques including ICP, powder XRD, N, sorption, UV-visible spectroscopy, TEM and H,-TPR. Using n-

Keywords: octane containing BT, DBT and 4,6-DMDBT as model compound, the performance of the catalysts in
Gold catalysts oxidative desulfurization (ODS) using in situ generated H,0, from H, and O, were investigated. The
In situ

results show that preparation method influences porous structure of the support and gold particles size.
In situ sample has maintained the intrinsic structure of Ti-HMS, whereas, the gold particles are not as
uniform and small as that of DP sample. NH; DP sample still possesses the wormhole structure of HMS
despite the absence of typical XRD peak. The mesoporous structure of urea DP sample has been damaged
seriously. Au>* on outer surface of the support is easier to be reduced than that in pores, as confirmed by
H,-TPR. In addition, the three samples exhibit different catalytic activities in ODS using in situ H,0, as
oxidant. For the removal of BT and DBT, Au/Ti-HMS (NH3 DP) exhibits the highest catalytic activities.
Regarding the removal of 4,6-DMDBT, the optimum catalyst is Au/Ti-HMS (In situ); however, Au/Ti-HMS

Deposition-precipitation
Hydrogen peroxide
Oxidative desulphurization

(Urea DP) nearly loses catalytic activity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Supported gold catalysts have been intensively studied in
recent years [1-4]. There are many factors influencing the catalytic
activity of gold catalyst such as gold deposition method, support,
gold particles size, loading amount of gold and calcination
temperature [5-7]. As the research goes forward, various supports
and preparation methods have been developed. Mesoporous
materials are the novel supports for gold particles due to the
capacious pore channels and large specific surface areas compared
with microporous zeolites. Gold with higher loading can be
uniformly dispersed in mesoporous channels as nanoscale
particles and catalytic performances for the selective oxidation
reactions of bulky molecules can be improved. A series of
mesoporous silica-supported gold catalysts including Au/SBA-15,
Au/MCM-41, Au/Ti-MCM-41 and Au/HMS have been synthesized
successively [8-10]. Haruta’s group has prepared Au/Ti-MCM-41
to achieve the vapor phase propylene epoxidation [11]. Au/MCM-
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41 is also used in the selective oxidation of cyclohexane [12]. On
the other hand, appropriate method should be chosen to
synthesize gold catalysts and the supports have a critical effect
on the morphology of gold particles. Deposition-precipitation (DP)
is considered as an important method to prepare supported gold
catalysts due to the average size and the excellent activity of gold
particles [13-15]. Noticeably, the hydrothermal or basic conditions
for gold deposition may influence the intrinsic structure of the
support. As a result, it is important to exploit a special method
aiming at maintaining the original characteristic of the support and
improving the activity of gold catalyst.

Ti-HMS is a promising mesoporous material in petrochemical
processing and green catalysis [16-18]. In our previous research,
Ti-HMS exhibited excellent activity in the removal of bulky sulfur
compounds such as benzothiophene (BT), dibenzothiophene (DBT)
and 4,6-dimethyldibenzothiophene (4,6-DMDBT) for model oil
using H,0, as oxidant [19-21]. Benzothiophene and its derivatives
are oxidized into their corresponding sulfoxides or sulfones which
are then removed by simple liquid-liquid extraction. But
continuous decomposition of commercial HO, during the 333 K
reaction may lower the atom economy. Recently, pilot study on the
preparation of Au/Ti-HMS by DP using ammonia as the precipitator
and its catalytic performance in direct synthesis of H,O, in the
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presence of H, and O, has been achieved [22]. Further, using the
continuously generated H,0, in situ, the bulky sulfur compounds
are expected to be eliminated by an oxidation process. In the
present work, we report the preparation of Au/Ti-HMS by three
different methods, and compare the effects of the preparation
methods on the intrinsic structure of the support via a series of
characterizations. In addition, the catalytic performance of the
three catalysts in the oxidative desulphurization using the in situ
generated H,0, was investigated.

2. Experimental
2.1. Preparation of Ti-HMS and Au/Ti-HMS (In situ)

Au and Ti components of in situ sample were simultaneously
introduced into HMS following Refs. [10,23]. Phase A: 14.3 g H,0
was added in the mixture of 7.6 g ethanol and 1.25 g dodecylamine
(DDA); Phase B: 5.2 g tetraethylorthosilicate (TEOS) was added in
the mixture of 1.55 g isopropyl alcohol (IPA) and 0.17 g tetra-
butylorthotitanate (TBOT). Phase B and 20 ml ethanol solution of
HAuCl, (0.024 mol/l) were simultaneously dropped into Phase A
then aging for 18 h. Then the template DDA was extracted by
ethanol at ambient temperature. After washing, drying and
calcination at 673 K for 4 h, Au/Ti-HMS (In situ) was obtained
finally. The synthesis of Ti-HMS is similar but without Au added. In
addition, the template of Ti-HMS was eliminated via direct
calcination at 913 K.

2.2. Preparation of Au/Ti-HMS (NH3 DP)

Au/Ti-HMS (NHs; DP) with 4% of target gold loading was
prepared by dripping diluent ammonia (0.05%) to the mixture of
HAuCl4-4H,0 solution and prepared support Ti-HMS until pH
rising to 8. The mixture was stirred for 18 h at ambient
temperature, then washed using distilled water and separated.
The dried powder was calcined at 573 K for 4 h.

2.3. Preparation of Au/Ti-HMS by urea DP

The mixture of Ti-HMS, diluent HAuCl4-4H,O0 solution and urea
(mass ratio of Au:urea = 0.025:1) was heated at 353 K for 12 h and
then aged for 6 h at ambient temperature. After washing and
separation, the dried powder was calcined at 673 K for 4 h. Sample
Au/Ti-HMS (Urea DP) with 4% of target gold loading was obtained
finally.

2.4. Catalyst characterization

Au loadings of the catalysts were determined by ICP (Leeman
Plasma-Spec-II). Powder X-ray diffraction (XRD) patterns were
recorded using Rigaku D/Max 2400 diffractometer employing Cu
Ko radiation. N, adsorption isotherm was measured using a
Quantachrome Autosorb-1 physical adsorption apparatus. UV-vis
spectra were obtained on a JASCO UV550 spectrometer with BaSO4
as the internal standard. Transmission electron microscopy (TEM)
images were taken on Tecnai G, 20 S-twin instrument (FEI
Company) with an acceleration voltage of 200 kV. H, temperature
programmed reduction (H,-TPR) was carried out on GC-7890T-
TCD. The flowing rate of 10% Hy/N, is 40 ml/min and the

temperature increased at the rate of 10 K min~!.

2.5. Catalytic activity
BT (1550 ppm), DBT (2700 ppm) and 4,6-DMDBT (1980 ppm)

were respectively dissolved in n-octane as model oil. Catalyst
testing for oxidation of benzothiophene derivatives using the in

Intensity

2 Theta

Fig. 1. Low-angle XRD patterns of (a) Au/Ti-HMS (In situ), (b) Au/Ti-HMS (NH5 DP)
and (c) Au/Ti-HMS (Urea DP).

situ generated H,O, was performed using a stainless steel
autoclave charged with catalyst (0.14 g), solvent (10 ml methanol),
model oil (10 ml), Hy/N, (0.3 MPa/0.2 MPa) and O,/N, (0.9 MPa/
0.1 MPa) under stirring. After reacting at 333 K for 0.5-4 h, the
reactor was rapidly cooled to ambient temperature. Then the
remnants of sulfur compounds in oil phase were analyzed by GC
HP6890-FPD.

3. Results and discussion

3.1. Characterizations of the samples

As determined by ICP, the real gold loadings of Au/Ti-HMS (In
situ), Au/Ti-HMS (NH3 DP) and Au/Ti-HMS (Urea DP) is 3.89 wt.%,
4.71 wt.% and 4.59 wt.%, respectively. The samples have the gold
loadings between 3.9 wt.% and 4.7 wt.%. During in situ process,
most of gold was supported on Ti-HMS. As for the other two
samples, the dissolution of the prepared support in alkaline system
may result in the higher gold loading amount.

Low-angle and wide-angle powder X-ray diffraction (XRD)
patterns are shown in Figs. 1 and 2, respectively. In Fig. 1, only in
situ sample exhibits an intense first-order (d; ¢ o) diffraction peak
accompanied by broader unresolved higher order reflections,
indicating that this material possesses a mesostructure with the
lack of long-range order [24]. Contrarily, there is no peak for the
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Fig. 2. Wide-angle XRD patterns of (a) Au/Ti-HMS (In situ), (b) Au/Ti-HMS (NH3 DP)
and (c) Au/Ti-HMS (Urea DP).
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Fig. 3. Nitrogen adsorption-desorption isotherms and pore size distribution of (a) Au/Ti-HMS (In situ), (b) Au/Ti-HMS (NH3 DP) and (c) Au/Ti-HMS (Urea DP).

samples prepared by DP with ammonia or urea, because the
pseudo-order, which HMS mesoporous possesses, is possible to be
damaged in alkali or hydrothermal circumstance. Generally, the
low-angle XRD patterns of DP samples can only demonstrate that
the ordering of the mesoporous was disturbed, however, the
mesoporous structure of the support may be undamaged. The
wide-angle (XRD) patterns are shown in Fig. 2 to demonstrate the
formation of gold nanoparticles. The four peaks appear near 38.3°,
44.5°,64.7° and 77.7°, which can be assigned to the diffractions of
(111),(200), (220) and (31 1) structure, demonstrating the
face-centered cubic metal gold structure is formed [25]. In
addition, the intensity of wide-angle peaks also reflects the order
of gold particles size obtained using different methods. The gold
nanoparticles prepared by in situ method may be larger than that
prepared by DP, as shown via the stronger gold diffraction peaks in
the wide-angle region, and NHs DP is possible to generate the
smallest gold particles.

The nitrogen adsorption-desorption isotherms of the samples
are shown in Fig. 3. Both Au/Ti-HMS (In situ) and Au/Ti-HMS (NH;
DP) exhibit type IV isotherms according to the IUPAC classification,
with a typical H1 hysteresis loop typical of mesoporous solids. This
type of hysteresis loop indicates that materials possess uniform
pore size and shapes [26]. Each slope with a sharp step at P/P, of
0.2-0.4 indicates the capillary condensation in mesopores [27].
Whereas, the Au/Ti-HMS (Urea DP) sample exhibits no sharp slope
in this field. Therefore, the sample prepared by NH; DP still
possesses mesoporous volume despite that there is no typical XRD
peak of Ti-HMS. As for the sample prepared by urea DP, its
mesopores was seriously damaged during the preparation because
of the poor hydrothermal stability of Ti-HMS. In Fig. 3, both Au/Ti-
HMS (In situ) and Au/Ti-HMS (NH3 DP) exhibit uniform pore size
distribution which show well-defined maximum around 2.1 nm
and 2.5 nm, respectively. As shown in Table 1, the mean pore size
of NH3; DP sample is enlarged to a certain extent comparing with
that of support Ti-HMS without any post-treatment. In addition,

Table 1

Structural properties of Au/Ti-HMS samples.

Sample Pore BET surface Total pore
size? area (m?/g) volume®
(nm) (cm?/g)

Ti-HMS [19] 2.3 829.7 0.69

Au/Ti-HMS (In situ) 2.1 1024 0.62

Au/Ti-HMS (NH3 DP) 2.5 770.1 0.64

Au/Ti-HMS (Urea DP) - 466.7 0.60

2 Calculated from adsorption branch of nitrogen isotherm using BJH model.
b Calculated from the volume adsorbed of P/P, at 0.99.

the specific surface area of in situ sample can exceed 1020 m?/g
comparing with other samples.

Fig. 4 shows the UV-visible spectra of the samples. The 210-
220 nm peaks of the three samples prove the existence of
framework Ti species with tetrahedral coordination, which are
the active centers of the samples. Although Au/Ti-HMS (Urea DP)
possesses no typical mesoporous structure of HMS, the framework
Ti still exists in this sample. For all the samples, no absorption at
330 nm indicates the absence of anatase phase. A strong resonance
at 520-550 nm, which is attributed to the absorption of surface
plasmon vibration in gold nanoparticles, is seen in each spectrum
[28]. For NH5 DP sample, the broadening of gold absorption peak is
resulted from the increasing of gold containing as well as the
uniform dispersion of gold particles. The gold absorption band of
Urea DP sample is sharper and narrower than that of NH3; DP
sample, indicating the gold existing as a bigger size. As for In situ
sample, the incomplete reduction and load of gold results in the
weaker adsorption. The UV-vis result of gold particles well agrees
with the observation in TEM.

The TEM images shown in Fig. 5 provide insights into the
porosity framework structure of Ti-HMS after modification by
gold. Typical wormhole-like pores of HMS materials exist in both in
situ sample and NH3 DP sample. The network channels and pore
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Fig. 4. UV-visible spectra of (a) Au/Ti-HMS (In situ), (b) Au/Ti-HMS (NH3 DP) and (c)
Au/Ti-HMS (Urea DP).
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Fig. 5. TEM images of (a) Au/Ti-HMS (In situ), (b) Au/Ti-HMS (NH; DP) and (c) Au/Ti-HMS (Urea DP).

size are uniform, although long rang order is absent. Contrarily,
there is no typical wormhole structure existing in urea DP sample.
Uniform and small gold particles (about 5 nm) can be prepared by
NH; DP method. Whereas, the gold particles prepared by urea DP
method are non-uniform. The density of observable gold particles
prepared by in situ method is rather low.

H,-TPR profiles obtained from the uncalcined samples are
shown in Fig. 6. Both NH3 DP sample and urea DP sample contain a
remarkable reduction peak near 450 K, which is assigned to the
reduction of Au>* distributed on the outer surface of the support.
The TCD signal of H, consumption at 450 K shows that most of the
Au>* species can be easily reduced to metallic gold at a low
temperature. In addition, there is another intense reduction peak
near 850 K for Au/Ti-HMS (NHs DP), which is possibly attributed to
the H, consumption for the difficult reduction of Au*" species
existing in the pores of the support. The 850 K peak of urea DP
sample seems rather weaker, because the damaged or enlarged
pores result in the easy reduction of Au®*. Contrarily, the absence of
reduction peak shows that no Au®* exists in the uncalcined in situ
sample, the reason of which can be explained as the formation of
metallic gold during the extraction of template using the pseudo-
reducer ethanol [29].
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Fig. 6. H,-TPR profiles of 0.05 g uncalcined (a) Au/Ti-HMS (In situ), (b) Au/Ti-HMS
(NH; DP) and (c) Au/Ti-HMS (Urea DP) treated at 373 K for 1 h.

3.2. Catalytic tests of the samples

In our previous study, direct synthesis of H,O, in the presence of
H, and O, over Au/Ti-HMS prepared by NH; DP has been
investigated [22]. However, our final target is in situ using the
H,0, in the oxidative desulphurization. Therefore, oxidation of BT,
DBT and 4,6-DMDBT using in situ generated H,0, with different
catalysts has been investigated and the results are shown in Figs. 7—
9, respectively. Successful oxidation of these bulky sulfur com-
pounds is decided by three important factors: sufficient in situ H,O,
yield, electron density on the sulfur atom and enough pore size of the
catalyst [19,29,30]. For the removal of BT and DBT (Figs. 7c and 8c),
although Au/Ti-HMS (Urea DP) loses typical mesoporous structure
of HMS, it still gives high final removal rate because of the existence
of framework Ti, as shown in the UV-visible spectra (Fig. 4c). Both
Au/Ti-HMS (NH3 DP) and Au/Ti-HMS (In situ) can give final removal
rate of 100% for BT and DBT, which is a little higher than that with
urea DP sample (Figs. 7 and 8). NH; DP sample, which possesses
uniform and small gold nanoparticles, is possible to generate high
concentration of H,0, in situ. Therefore, the removal rate of BTat2 h
over Au/Ti-HMS (NH5 DP) is a little higher than that over Au/Ti-HMS
(Insitu). As reported, the oxidative elimination for 4,6-DMDBT is the
most difficult in the three compounds, because the oxidation of 4,6-
DMDBT with the substituents at the fourth and sixth position
requires more molecular accessibility and capacious space
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Fig. 7. Oxidation of BT using in situ generated H,0; over (a) Au/Ti-HMS (In situ), (b)
Au/Ti-HMS (NH3 DP) and (c) Au/Ti-HMS (Urea DP).
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Fig. 8. Oxidation of DBT using in situ generated H,0-, over (a) Au/Ti-HMS (In situ),
(b) Au/Ti-HMS (NH3 DP) and (c) Au/Ti-HMS (Urea DP).
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Fig. 9. Oxidation of 4,6-DMDBT using in situ generated H,0, over (a) Au/Ti-HMS (In
situ), (b) Au/Ti-HMS (NH3 DP) and (c) Au/Ti-HMS (Urea DP).

[19,21,30]. The removal rate of 4,6-DMDBT can only reach 26% with
Au/Ti-HMS (Urea DP) which possesses no obvious mesoporous
structure, and it no longer increases as the reaction time increasing.
As using Au/Ti-HMS (In situ) or Au/Ti-HMS (NH3 DP), two oxidation
products, 4,6-DMDBTO and 4,6-DMDBTO,, can be detected by GC.
But there are no products when using Au/Ti-HMS (Urea DP) for 3 h.
On the other hand, the blank test using only extractant methanol
without catalyst and oxidant shows the same removal rate as Fig. 9c.
Therefore, the main contribution of 4,6-DMDBT removal is from
methanol extraction and no oxidation reaction happened using Urea
DP sample (Fig. 9c). Although NH; DP sample possesses more
uniform and smaller gold particles on the support, the removal rate
of 4,6-DMDBT is much lower than that of in situ sample. The main
reasons are that Au/Ti-HMS (In situ) maintains entire structure of
HMS and possesses larger surface area than other samples, as
confirmed by the above characterization results. To sum up, the
concentration of in situ generated H,05 is possibly the main factor
that decides the final removal rate of BT. But that influences the
removal of DBT unremarkably. Effective removal of DBT can be
achieved just as the simultaneous existence of gold particles and
framework Ti in HMS, because DBT is easy to be oxidized by H,0-. In
addition, successful maintenance of HMS mesoporous obviously
contributes to effective removal of 4,6-DMDBT which is more
difficult to be oxidized. Therefore, the sample with absolute
mesoporous and high specific surface area can obtain a high
removal rate of 4,6-DMDBT finally.

4. Conclusions

Effective gold loading can be obtained by three methods and
each sample contains Au and framework Ti active centers
simultaneously. Whereas the mesoporous structure of urea DP
sample has been seriously damaged in the hydrothermal system.
On the other hand, the temperature of Au* being reduced to Au® is
decided by the form of Au species existing in Ti-HMS support.
Uniform and small gold nanoparticles can be prepared by DP
method using NH; as the precipitator.

Using the in situ generated H,0, from H;, and O, all the samples
can achieve almost complete removal of BT and DBT. And NH; DP
sample exhibits a little superiority. For the removal of 4,6-DMDBT,
in situ sample with large surface area shows excellent activity
comparing with DP samples. The urea DP sample with no intact
mesopores has lost the catalytic activity to oxidize 4,6-DMDBT.
These samples could have high sulphur removal ability for real
diesel oil using the in situ generated H,0,. In addition, further
research on deactivation and regeneration of these catalysts is in
progress.
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