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a  b  s  t  r  a  c  t

The  mesoporous  silica  pillared  clay  (SPC)  incorporated  with  Keggin-type  H3PW12O40 (HPW)  heteropoly
acid  was  prepared  by introducing  HPW  into  clay  interlayer  template  in  an  acidic  suspension  using sol–gel
method. The  materials  are  readily  separable  mesoporous  materials  with  high  specific  surface  areas.  The
results indicate  that  the  surfactants  play  a  decisive  role  in  the  introduction  of  HPW  molecule  and  the  pore
eywords:
ilica pillared clay
ontmorillonite

ungstophosphoric acid
atalytic oxidative desulfurization

formation.  Moreover,  the  surface  area  and  pore  size  of the  materials  can be  controlled  by  the  molecular
length  and  functional  groups  of  the  surfactants.  The  formation  mechanism  of  the materials  was  also
proposed.  The  synthesized  materials  exhibited  good  catalytic  performance  in  oxidative  desulfurization
of  dibenzothiophene-containing  model  oil.  Under  the  best  conditions,  the  sulfur  removal  can  reach  up  to
near  100%.  The  excellent  catalytic  performance  for oxidative  desulfurization  opens  up  new  opportunities
for  applications  of the  synthesized  materials  in  catalysis.
. Introduction

It has been an urgent subject to find new processes for
ltra-deep desulfurization of fuel oils because of the increasing
nvironmental concern and legal requirements. However, the con-
entional hydrodesulfurization (HDS) technique has difficulty in
educing refractory sulfur-containing compounds such as diben-
othiophene (DBT) and its derivatives to an ultra low level. Thus,

 large number of non-HDS processes such as adsorption, extrac-
ion, oxidation, precipitation and bio-processes have been explored
1–5]. Among these methods, catalytic oxidative desulfurization
ODS) combined with extraction is regarded as the most promising
nd economical process [6,7]. Polyoxometalates (POMs) have been
idely used as oxidation catalysts in treating sulfur-containing

ompounds in a liquid–liquid two-phase system due to their
xcellent physical and chemical properties. However, the catalytic
ctivities of the POMs are greatly limited by their very low specific
urface areas [8].  Moreover, they are soluble in aqueous solution
nd not easily separated from the reaction system for recycling use.
herefore, many attempts have been made to enhance the catalytic
ctivity and obtain sustainable catalytic performance of the POMs

9,10].

On the other hand, inorganic porous materials with a con-
rolled pore structure have stimulated a great deal of interest for

∗ Corresponding author. Tel.: +86 106 444 5611; fax: +86 106 444 5611.
E-mail address: bsli@mail.buct.edu.cn (B. Li).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.08.014
© 2011 Elsevier B.V. All rights reserved.

their potential application as selective catalysts, adsorbents, sep-
arating agents, and porous matrixes for encapsulation of specific
functional molecules [11–13].  In our previous work, monovacant
lacunary Keggin-type polyoxometalate was  introduced into meso-
porous silica structure and showed high oxidation activity for ODS
[14]. Furthermore, a series of ordered mesoporous clay materials
known as silica pillared clay (SPC) materials and metal ion doped
SPC materials have been recently prepared [15–25].

In the present work, in order to combine the porous advantages
of SPC and the appropriate acidity of H3PW12O40 (HPW) heteropoly
acid, we encapsulated HPW into the ordered mesoporous SPC mate-
rials by sol–gel method. The products were denoted as HPW-SPC.
The influence of the surfactants on the structure and properties of
the HPW-SPC materials was studied. The catalytic performance of
the samples was examined through the ODS of the DBT-containing
model oil. The results indicate that the HPW-SPC materials exhib-
ited a high catalytic activity in ODS of DBT.

2. Experimental

2.1. Materials

All solvents and reactants are commercially available and
were used without further purification. The natural montmo-

rillonite clay (MMT)  was  obtained from Inner Mongolia and
used as the starting clay without any further purification or
cations exchanging. The raw clay had a basal (001) spac-
ing of 15.4 Å and an anhydrous structural (layer) formula of

dx.doi.org/10.1016/j.molcata.2011.08.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:bsli@mail.buct.edu.cn
dx.doi.org/10.1016/j.molcata.2011.08.014
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Table 1
The results of the XRF analysis of the samples.

Catalyst composition HPW-SPC-4 HPW-SPC-12 HPW-SPC-16 HPW-SPC-18

Before reaction

P2O5/wt.% 0.32 0.31 0.32 0.34
WO3/wt.% 12.7 13.1 12.8 13.7
P:W:Si:Al 1:12.1:288.9:32.4 1:12.8:293.2:7.2 1:12.3:288.9:21.4 1:12.3:272.9:14.6
HPW/wt.% 13.1 13.5 13.2 14.2

After  the fourth
recycle reaction

P2O5/wt.% – 0.17 0.22 0.12
WO3/wt.% – 6.44 8.30 4.59
P:W:Si:Al – 1:11.6:428.8:22.0 1:11.5:388.7:30.2 1:11.3:794.3:84.0
HPW/wt.% – 6.66 8.59 4.75
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Scheme 1. Formation mech

a0.48Na0.03K0.01[Si7.86Al0.14][Al2.84Fe0.30Mg0.86]O20(OH)4, with a
ation exchange capacity (CEC) of 91 meq/100 g [15]. Octadecyl
imethyl benzyl ammonium chloride (C18DMBACl) and dodecyl
imethylbenzyl ammonium chloride (C12DMBACl) were synthe-
ized based on a previously reported procedure [19].

.2. Preparation

A given amount of MMT  was suspended in 120 mL  of deion-
zed water in a round bottom flask, to which the ethanol solution
f C18DMBACl was added dropwise and stirred for 1 h and a gel
ixture was gained. Then, the pH of the gel was  adjusted by
Cl aqueous solution to 2.0. Subsequently, a given amount of

3PW12O40·5H2O was dissolved in water, and added dropwise into

he gel under vigorous stirring. After the mixture was stirred for
 h, tetraethyl orthosilicate (TEOS) was added, followed by stirring
or 12 h at room temperature. The molar ratio of clay, C18DMBACl,

able 2
he textural properties of the MMT  and HPW-SPC samples.

Catalysts Pore size/nm SBET/m2 g−1

MMT 4.3 80 

HPW-SPC-4 3.8 162 

HPW-SPC-12 7.2 474 

HPW-SPC-16 4.5 377 

HPW-SPC-18 9.0 433 
 of the HPW-SPC samples.

TEOS, ethanol and water was 1/0.4/1.6/6.3/258 [24]. The addition
content of HPW was  supposed to be 15 wt.% in the sample (the
actual content obtained by XRF was  list in Table 1). And then, the
mixture was  put into an autoclave and heated for 24 h at 110 ◦C.
Afterward, the autoclave was cooled, and the product was sepa-
rated by filtration, throughly washed with deionized water, and
dried in an oven at 110 ◦C. Finally, the dried sample was  calcined
at 400 ◦C for 6 h in a furnace. The sample was designated as HPW-
SPC-18.

The HPW-SPC-4, HPW-SPC-12, and HPW-SPC-16 samples were
prepared following the same procedure as the HPW-SPC-18 sam-
ple, but the surfactants were changed into tetrabutylammonium
bromide (TBAB), C12DMBACl, and cetyltrimethylammonium bro-

mide (CTAB), respectively.

The SPC samples were also prepared following the same pro-
cedure as the HPW-SPC samples but without addition of HPW.
The samples were designated as SPC-4, SPC-12, SPC-16, and

Basal spacing/nm Gallery height/nm VT/cm3 g−1

1.54 0.58 0.13
1.98 1.02 0.41
4.22 3.26 1.09
4.43 3.47 0.64
4.80 3.84 1.29
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PC-18, which were prepared using TBAB, C12DMBACl, CTAB, and
18DMBACl as the surfactants, respectively.

.3. Catalytic performance in oxidative desulphurization

The model compound DBT was dissolved into n-octane to make
 stock solution of model oil with sulfur content of 500 ppm. The
eaction was performed in a three-neck flask with a water-bathed
acket. A mixture of model oil (25 mL)  and catalyst (0.15 g) was
eated in the reactor under stirring. When the reaction tempera-
ure reached up to 60 ◦C, 0.12 mL  of 30% aqueous solution of H2O2
nH2O2 /nS = 3) was added into the reactor and the reaction tem-
erature was kept at 60 ◦C. After continuously stirring for a certain
ime, the oxidized model oil was extracted three times by acetoni-
rile. The volume ratio of the total solvent to model oil was 1:1.
he amount of sulfur in the oil was determined by a Model WK-
D microcoulometric integrated analyzer (sulfur detection range
rom 0.2 to 5000 ppm, Jiangsu Jiang Fen Electroanalytical Instru-

ent Co.).

.4. Characterization of the samples

The X-ray diffraction (XRD) was performed on a Rigaku D/Max
500 VBZ+/PC diffractometer using Cu-K� radiation at low-angle
ange (2�  value 0.5–10◦) and at wide-angle range (2�  value 3–70◦).
he X-ray fluorescence analysis (XRF) was performed on a Philips
agix-601 X-ray fluorescence spectrometer. The thermogravimet-

ic and differential thermal analysis (TG–DTA) was carried out in
ir on a HCT-1 thermal analyzer (Hengjiu Kexue Co.) using a heat-
ng rate of 10 ◦C min−1. The Nitrogen adsorption isotherms were
btained using a Micromeritics ASAP2020M instrument. The sam-
les were degassed at 115 ◦C for 8 h before the measurement.
he specific surface area (SBET) was estimated by the BET equa-
ion, and the pore size distribution and the mesopore analysis
ere obtained from the desorption branch of the isotherm using

he Barrett–Joyner–Halenda (BJH) method [18,26,27].  The scanning
lectron microscopy (SEM) micrographs were obtained on a Zeiss
upra 55 microscope operated at 30 kV. The FT-IR spectra were
btained in KBr pellets using a Bruker VECTOR 22 spectrometer
n the range of 400–4000 cm−1, and all spectra were collected at
oom temperature with a resolution of 4 cm−1.

. Results and discussion

.1. The formation mechanism of the HPW-SPC samples

Scheme 1 illustrates the proposed formation mechanism of the
PW-SPC materials. Firstly, MMT  was suspended in aqueous solu-

ions and had an ion-exchange with surfactant. During this process,
he surfactant formed micelle in the interlayer region. Then, the pH
f the mixture gel was adjusted to 2.0 by using HCl aqueous solution
nd an appropriate amount of HPW was introduced. PW12O40

3−

an be attracted into the interlayer and substitute Br− and Cl− in
he shell surrounding the micelle. Furthermore, the addition of HCl
queous solution can keep the solution in a strong acidic environ-
ent to retain the Keggin-type HPW heteropoly acid intact. When

EOS was finally added into the gel mixture, it would intercalate
nto the clay interlayer region by solvation and rapidly hydrolyze
n acidic condition to form the protonated H5SiO4

+ monomers. The
ilicate cations would interact with the anionic shell surrounding
he surfactant micelle to trap both X− (Cl−, Br−) and heteropoly
nions, leading to the formation of a silica layer around the surfac-

ant template. Thus, the heteropoly anions would be present at the
nterface between the silica and the surfactant micelle. During the
ong time stirring and the hydrothermal treatment of the gel, the sil-
ca layer was polymerized and formed the Si–O–Si bonds between
Fig. 1. The low-angle XRD patterns of the samples: (a) calcined MMT, (b) SPC-4, (c)
SPC-12, (d) SPC-16, (e) SPC-18, (f) HPW-SPC-4, (g) HPW-SPC-12, (h) HPW-SPC-16,
(i)  HPW-SPC-18.

the interlayer region. Washing and drying steps did not remove the
heteropoly anions since they were trapped inside the clay inter-
layer. In the calcination step, the silica layer further condensed and
yielded the completely cross-linked framework to strengthen the
siloxane-pillars and the mesoporous structure, while the surfactant
template decomposed and was eliminated from the pore system,
but the HPW molecules remained fixed into the pore walls [26].

3.2. The characterization of the samples

The results of the XRF analysis of the samples are listed in Table 1.
It indicates that the actual content of HPW before reaction in the
HPW-SPC-4, HPW-SPC-12, HPW-SPC-16, and HPW-SPC-18 sam-
ples is 13.1, 13.5, 13.2, and 14.2 wt.% for the nominal content of
15 wt.%, respectively. In addition, the molar ratio of P to W is esti-
mated to be 1:12 in all the samples, suggesting that the Keggin
structure unit is well preserved in the products.

The X-ray diffraction patterns of the calcined MMT, SPC and
HPW-SPC samples are shown in Fig. 1. The (0 0 1) reflection indi-
cating the layered structure is observed for all of the products [28].
All of the SPC samples have (0 0 1) reflection (Fig. 1b–e), which is
corresponding to the basal spacing of 1.77–4.64 nm {2d sin � = n�
(� is corresponding to the angle, n = 1, � = 0.154 nm)}. It is very
important to note that the molecular length of the surfactants is an
important factor in the enlargement of the basal spacing of the sam-
ples. On the other hand, the characteristic diffraction peak (0 0 1)
of the HPW-SPC samples (Fig. 1f–i) slightly shift to the lower angle
scope compared to the corresponding SPC samples (b, f; c, g; d, h;
e, i). This implies that HPW has been encapsulated into the silica
pillared frameworks of the SPC. The results support the proposed
formation mechanism of the HPW-SPC samples. The basal spac-
ing and the gallery height (basal spacing – 0.96, here 0.96 nm is
the thickness of the clay layer sheet [29]) of the HPW-SPC sam-
ples are summarized in Table 2. The refraction peaks of HPW-SPC
samples are corresponding to a basal spacing of 1.98–4.80 nm and
the corresponding gallery heights are around 1.02–3.84 nm. With
the increase of the molecular length of the surfactant, the refraction
shift to a low angle scope and the gallery height is found to increase
gradually. This indicates that introducing HPW during the interca-
lation of surfactant does not destroy the SPC mesoporous lamellar
structure.
The wide angle XRD patterns of the HPW, calcined HPW-
SPC and MMT  samples are presented in Fig. 2. All the HPW-SPC
samples show the MMT  characteristic peaks, which can be
assigned to (1 1 0), (0 2 0), (0 0 4), (1 3 0), (2 0 0), (3 3 0) and (0 6 0)
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Fig. 2. The wide-angle XRD patterns of the samples: (a) HPW, (b) HPW-SPC-4, (c)
H
PW-SPC-12, (d) HPW-SPC-16, (e) HPW-SPC-18, and (f) calcined MMT.

Fig. 3. The TG–DTA curves of the samples: (a) HPW, (b) HPW-SPC
 A: Chemical 348 (2011) 106– 113 109

diffractions [20,30]. This ulteriorly approves that the laminated
structure of MMT  and the crystalline structure of the clay sheet
have not been destroyed during the intercalation of HPW. However,
there are some characteristic peaks of HPW crystal in the pattern
of HPW-SPC-4 sample, which indicate that HPW is not highly dis-
persed in the HPW-SPC-4 samples. This may  be due to TBAB caused
the relatively small basal spacing, which does not facilitate the
incorporation of HPW molecule. For the other samples, the char-
acteristic peaks of HPW can be hardly observed, which illustrates
that HPW is highly dispersed in the mesoporous frameworks of the
samples.

The TG–DTA curves of the HPW and HPW-SPC samples before
calcination in the region of 30–800 ◦C are shown in Fig. 3. For
all the samples, the weight loss below 100 ◦C is due to the loss
of the physisorbed H2O. For the pure HPW (Fig. 3a), there is an
endothermic peak in the temperature range of 100–215 ◦C (weight
loss 2.94%) centered at 206 ◦C in the DTA diagram, accounting for
the loss of 5 H O molecules per Keggin unit of the HPW. The broad
2
endothermic peak between 215 and 538 ◦C centered at about 350 ◦C
is corresponding to the loss of acidic protons and the decomposi-
tion of the Keggin structure. The peak centered at 572 ◦C in the DTA

-4, (c) HPW-SPC-12, (d) HPW-SPC-16, and (e) HPW-SPC-18.
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urve is assigned to the decomposition of heteropoly acid to form
ixed oxides [31,32].
For all the HPW-SPC samples, the endothermic peak corre-

ponding to the loss of 5 H2O molecules per Keggin unit of the
PW also appears at about 200 ◦C (Fig. 3b–e). The endother-
ic  peaks between 326 and 347 ◦C in the DTA diagrams can be

ttributed to the decomposition of surfactants. For the HPW-SPC-
2 and HPW-SPC-18 samples, the exothermic peaks accounting
or the combustion of the surfactants appear at 379 and 385 ◦C,
espectively. These peaks are evidently stronger than that of the
PW-SPC-4 and HPW-SPC-16 samples, which is due to the heat

elease of the benzyl in the HPW-SPC-12 and HPW-SPC-18 samples
s larger than the alkyl in the other two samples. The endothermic
eak accounting for the loss of HPW acidic protons is also evi-
ently observed at 480, 485, 457 and 485 ◦C in the DTA diagrams
f the HPW-SPC-4, HPW-SPC-12, HPW-SPC-16 and HPW-SPC-
8 samples, respectively (Fig. 3b–e). Furthermore, the complete
ecomposition of the heteropoly acid is also evidently observed
t 625 ◦C in the DTA diagram of the HPW-SPC-4 sample (Fig. 3b).
nd the inconspicuous decomposition peaks in the DTA diagrams of

he HPW-SPC-12, HPW-SPC-16 and HPW-SPC-18 samples are also
bserved at about 650 ◦C (Fig. 3c–e). The relatively lower decom-
osition temperature of HPW in the HPW-SPC-4 sample may  be
ue to the agglomeration of HPW molecules on the external sur-
ace and the interlayer gallery of the sample, while the HPW has
een successfully incorporated into the frameworks of SPC in the
PW-SPC-12, HPW-SPC-16, and HPW-SPC-18 samples. This is in
ccordance with the results of the XRD. The results indicate that
he HPW-SPC samples have enhanced the thermal stability of the
PW heteropoly acid. The TG–DTA curves also show that the HPW-
PC samples can be obtained after treating the solids at 400 ◦C for

 h.
The FT-IR spectra of the MMT,  pure HPW and HPW-SPC samples

n the region of 600–1200 cm−1 are shown in Fig. 4. The spectrum
f HPW shows a broadened band at 802 cm−1, which is assigned
o vas(W–Oc–W)  in edge shared octahedral [33]. In the spectrum
f MMT  sample, the band at 795 cm–1 is attributed to the symmet-
ic stretching frequency of Si–O–Si [34]. In the FT-IR spectra of the
PW-SPC samples, the peak is shifted to 806 cm−1, which is due

o the chemical interactions between HPW and SPC. The band can
e attributed to the formation of Si–O–W bonds [35]. Therefore,
e can conclude that HPW has been encapsulated into the meso-

orous silica frameworks and formed new Si–O–W bonds within
he silica wall of the SPC material, which is consistent with the pro-
osed formation mechanism of the HPW-SPC samples (Scheme 1).
he characteristic bands of Keggin-type HPW are also observed at

ig. 4. The FT-IR spectra of the samples: (a) MMT,  (b) HPW-SPC-4, (c) HPW-SPC-12,
d) HPW-SPC-16, (e) HPW-SPC-18, and (f) pure HPW.
Fig. 5. The N2 adsorption/desorption isotherms and pore size distribution curves of
the  samples: (a) MMT,  (b) HPW-SPC-4, (c) HPW-SPC-12, (d) HPW-SPC-16, and (e)
HPW-SPC-18.

1080, 980 and 890 cm−1 (Fig. 4f), which are usually assigned to
vas(P–O), vas(W O), and vas(W–Ob–W)  in corner shared octahedral
[33], respectively. The band shift at 1080 cm−1 in spectra of HPW-
SPC-12 and HPW-SPC-18 is due to the large pore sizes formed by
the benzyl of the surfactants, which further facilitates the interca-
lation of the HPW. Thus, the characteristic bands corresponding to
the vas(P–O) is ulteriorly effected by the frameworks of the SPC. The
peak of W–Ob–W bond (890 cm−1), however, is hardly observed in
the FT-IR spectra for the HPW-SPC-4, HPW-SPC-12 and HPW-SPC-
16 samples (Fig. 4b–d), which is due to that the peak is overlapped
by the broad and intense peak of Si–O–Si coming from the SPC sup-
port. But it can be observed that the peak of the W Od (980 cm−1)
shifts to a higher wave number in the spectra of HPW-SPC-4, HPW-
SPC-12 and HPW-SPC-16 samples, indicating the strong interaction
between the Keggin units and the silica matrix [35]. In addition, the
bands of the HPW-SPC-18 are evidently strengthened compared to
the bands of MMT,  which indicates the long carbon chain of surfac-
tant facilitate the incorporation of HPW into the SPC frameworks
[36].

The N2 adsorption/desorption isotherms and the pore size dis-
tribution curves of the samples are shown in Fig. 5. The isotherms of
the HPW-SPC-12, HPW-SPC-16, and HPW-SPC-18 samples exhibit
type IV isotherms (according to IUPAC classification), characteris-
tic of mesoporous materials, and show capillary condensation at
higher relative pressures (P/P0 = 0.4–0.95), while HPW-SPC-4 and
MMT  samples show isotherms with adsorption at very low rela-
tive pressure (P/P0 < 0.3) and a small hysteresis loop at high relative
pressures (P/P0 = 0.60–0.95), indicating that they possess microp-
ores (Type I) along with small amount of mesopores (Type IV). The
isotherms patterns are the characteristic of the materials with the
cylindrical pores formed in gallery region [37]. The results of the
textural properties of the samples are summarized in Table 2. It is
obvious that the pore diameters, SBET and pore volume (VT) of the
HPW-SPC-12, HPW-SPC-16, and HPW-SPC-18 samples are much
larger than that of the MMT  and HPW-SPC-4 samples. The pore
size of the HPW-SPC-4 sample is even smaller than that of the
nature MMT.  This is due to the HPW-SPC-4 sample cannot form
the enough gallery space. When HPW is introduced into the inter-
layer of the SPC, it will result in pore blockage of the HPW-SPC-4
sample, which in turn decreases its catalytic performance. Further-

more, the desorption branch of the HPW-SPC-4 sample extends
to a relatively low pressure, suggesting a partial loss of structural
organization and the formation of some narrower slit-shaped pores
[26]. Nevertheless, the main part of the hysteresis is still between
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Fig. 6. The SEM images of the samples: (a) MMT,  (b) HPW

/P0 values of 0.60–0.95. It is also obvious that the pore size, SBET
nd VT of HPW-SPC-12 and HPW-SPC-18 samples are larger than
hat of the HPW-SPC-16 samples. The results show that with the
ncrease of the molecular length of the surfactants, the pore size,
BET and VT of the HPW-SPC samples become larger. In addition,
he benzyl molecule can further increase the pore size, SBET and
T of the materials, which endowed the better catalytic perfor-
ance of the HPW-SPC-12 and HPW-SPC-18 samples than that of

he HPW-SPC-16 sample.
The morphologies of the MMT  and HPW-SPC samples are shown
n Fig. 6. It is obvious that all the HPW-SPC samples exhibit a slightly
welled nature MMT  plates morphology [18], which indicates that
he main laminated structure of the samples is retained. The small
articles observed around the platelets are probably the broken
, (c) HPW-SPC-12, (d) HPW-SPC-16, and (e) HPW-SPC-18.

platelets and the amorphous SiO2 caused by the hydrolysis of TEOS
in the extragallery region of the layered clay. For the HPW-SPC-4
sample, the small particles are also due to the agglomeration of the
HPW particles on the surface of the sample. For the HPW-SPC-12
and HPW-SPC-18 samples, the small particles on the surface of the
platelets are more than that on the other samples, which show that
the benzyl of surfactant has a significant impact in the formation of
the interlayer gallery structure of the HPW-SPC-12 and HPW-SPC-
18 samples during the incorporation of HPW. These small particles
reflect the partial destruction of SPC gallery structure, which may

lead to the instability of the samples. However, for the HPW-SPC-16
sample, the laminated structure of the samples is well preserved
probably because the HPW has been well encapsulated into the
framework of the samples. [38].
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ig. 7. The effect of the reaction time on ODS over the samples: (a) HPW-SPC-12,
b)  HPW-SPC-16, (c) HPW-SPC-18, and (d) HPW-SPC-4.

.3. Catalytic performance for oxidizing model oil

The effect of the reaction time on ODS of the model oil (500 ppm
) over the HPW-SPC catalysts is shown in Fig. 7. The sulfur removal
an reach up to 99.9%, 98.6%, 99.2% and 72.7% within 120 min  on
PW-SPC-12, HPW-SPC-16, HPW-SPC-18 and HPW-SPC-4 sam-
les, respectively. The results indicate that the HPW-SPC samples
xcept the HPW-SPC-4 sample are highly efficient in the ODS of
BT. The sulfur removal is not so satisfying on the HPW-SPC-4 sam-
le (Fig. 7d), which is due to that HPW blocked the surface and the

nterlayer gallery of the SPC leading to the decrease of the SBET and
ore size of the HPW-SPC-4 sample (Table 2). The sulfur removal
n the HPW-SPC-12 and HPW-SPC-18 catalysts is higher than that
n the HPW-SPC-16 catalyst, which is due to the large SBET and pore
ize of the HPW-SPC-12 and HPW-SPC-18 samples caused by the
enzyl group (Table 2).

In order to examine the adsorption capacity for DBT of the cata-
ysts, the tests without adding H2O2 and extraction were carried out
nd the results are shown in Table 3. It is evident that the adsorp-
ion capacity for DBT of the catalysts has no distinct difference as
ompared with the oxidation and extraction, which shows that the
MT  and HPW-SPC samples cannot remove DBT effectively just by

he adsorption and the best removal of DBT achieves merely 20.3%
ithin 120 min  on HPW-SPC-18 catalyst. However, the adsorption

apacity for DBT increases slightly with the increase of length of the
urfactant. This indicates that the long surfactant facilitates enlarg-
ng the pore size, SBET and VT of the HPW-SPC samples (Table 2),

hich conduces to the adsorption of DBT. Also, we can see that the
PW-SPC-16 sample showed higher adsorption of DBT than the
PW-SPC-12 sample. This is due to that the HPW-SPC-16 sample
as a higher gallery height, which also has an important influence

n adsorption of the DBT.

The reusability of HPW-SPC catalysts was investigated in ODS of
he model oil. After each catalytic run, the catalysts were recovered

able 3
he results of the catalytic performances of the catalyst (reaction time, 120 min).

Samples Adsorption Reusability for ODS

1 2 3 4
Removal/% Removal/% Removal/% Removal/% Removal/%

MMT  11.2 65.2 – – –
HPW-SPC-4 11.9 72.7 – – –
HPW-SPC-12 14.6 99.9 99.2 85.4 78.8
HPW-SPC-16 17.2 98.6 98.2 97.8 97.2
HPW-SPC-18 20.3 99.2 81.2 79.4 72.7
Scheme 2. The proposed reaction mechanism of DBT oxidation.

by simple filtration, washing with methanol several times, and dry-
ing at 110 ◦C. The results were given in Table 3. It is shown that the
catalytic performance of the HPW-SPC-16 sample has no significant
decrease after four runs, which is better than that of the HPW-
SPC-12 and HPW-SPC-18 samples. According to the previous works
[39–42], the Venturello complex [PW4O24]3− anion forms in these
cases in the presence of H2O2. And the [PW4O24]3− anion is the
real active species in the oxidation reaction. [PW4O24]3− anions are
stable in solution and the overall structure is conserved in aqueous
as well as in organic solvents [43]. In addition, we  have measured
the chemical content of P and W in the samples by XRF after four
times recycle, which are shown in Table 1. From Table 1, we can see
that the molar ratio of P:W approximated to be 1:12 in the HPW-
SPC-12, HPW-SPC-16, and HPW-SPC-18 samples before and after
the reaction, which shows the HPW is stable to some extent. How-
ever, the HPW content of the samples decreased after the reaction.
The decrease of the HPW content of the samples may be due to
the loss of the [PW4O24]3− and [WO4]2− anions formed during the
reactions. The HPW-SPC-16 sample retained 8.59 wt.% of the HPW,
which is higher than that of the HPW-SPC-12 (6.66%) and HPW-SPC-
18 (4.75%) samples. The higher remaining content of HPW in the
HPW-SPC-16 sample is due to that the pore size (4.5 nm)  formed by
the CTAB facilitates the encapsulation of HPW into the frameworks
of SPC, which leads to the better stability and slight loss of the active
species. On the other hand, though the HPW content decreased to
8.59 wt.% in the HPW-SPC-16 sample, the HPW content is still high
enough to catalyze the oxidation reaction of the most of DBT in the
model oil, leading to the better reusability of the HPW-SPC-16 sam-
ple. However, the reusability of the HPW-SPC-12 and HPW-SPC-18
samples is not so satisfying. This may  be due to the large pore sizes
formed by the benzyl of the surfactants lead to the loss of the active
species from the HPW-SPC-12 and HPW-SPC-18 catalysts.

A simplified oxidizing process of DBT is shown in Scheme 2. In
the process, HPW accepts active oxygen from the oxidant H2O2 to
form an oxoperoxo species, which will first oxidize DBT to interme-
diate dibenzothiophene sulfoxide (DBTO), and then the DBTO was
further oxidized to dibenzothiophene sulfone (DBTO2). So the main
oxidized products of DBT might be DBTO2 and DBTO. However,
the GC–MS analysis (Fig. 8) indicates that there is only DBTO2 and
no DBTO is detected in the oxidation products. This confirms that

the intermediate product DBTO is quickly transformed to DBTO2.
DBTO2 can be extracted by acetonitrile easily and the oil desulfur-
ization is achieved.
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. Conclusions

The mesoporous HPW-SPC materials with various gallery
eights and pore sizes were successfully synthesized via hydrol-
sis of TEOS in the interlayer region of clay in the presence of HPW.
he results show that HPW can be encapsulated into the gallery sil-
ca frameworks of the HPW-SPC samples, and the surfactants play

 decisive role in introducing the HPW molecule. The long surfac-
ants facilitate the enlargement of the interlayer height and pore
ize of the HPW-SPC samples. Furthermore, the benzyl of the sur-
actants has a significant impact in the formation of larger pore
ize and SBET, leading to the better catalytic performance of the
PW-SPC materials. Under the best experimental conditions, DBT
an be effectively removed from the model oil by using the HPW-
PC catalysts. The prepared well-organized mesoporous HPW-SPC
aterials are promising and efficient catalysts for ODS of fuel oils.
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