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A series of Ag-AgBr/Al-MCM-41 nanocomposites were synthesized by dispersion of Ag-AgBr on meso-
porous silica Al-MCM-41 obtained from natural bentonite. The synthesized Ag-AgBr/Al-MCM-41 com-
posites with Ag nanoparticles growing on the surface of Al-MCM-41 were used for photocatalytic
oxidative desulfurization of dibenzothiophene. The physical properties of Ag-AgBr/Al-MCM-41 were
characterized by X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Ultraviolet–visible diffuse reflection spec-
troscopy (UV–Vis DRS), photoluminescence (PL) emission spectra, and X-ray photoelectron spectroscopy
(XPS). The photocatalytic activity results showed that in the presence of 40% Ag-AgBr/Al-MCM-41 pho-
tocatalyst the oxidative desulfurization of dibenzothiophene reached the maximum efficiency at
99.22% and the photocatalytic activity still keeps high level after four cycles.
� 2018 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Photocatalysis, in which catalysts are used to enhance the activ-
ity of a reaction involving the absorption of light, has been widely
utilized in the field of green chemistry, such as wastewater treat-
ment [1], exhaust gas treatment [2], and hydrogen production
[3–5]. During the past few decades, TiO2 has been considered as
one of the most promising and suitable photocatalysts in green
chemistry technology. TiO2, however, is only able to use a maxi-
mum of 5% of solar energy due to its large band-gap (3.0 and 3.2
eV for rutile and anatase, respectively) [6,7], meaning that it cannot
be applied on a large scale. Therefore a simple, effective, and stable
photocatalyst needs to be developed to work well in the visible-
light region.

The photocatalytic performance of photocatalysts can be
improved remarkably thanks to the effect of surface plasmon
resonance exhibited by some noble metal nanoparticles, such as
Au, Ag, when they are used as co-catalysts. Recently, some photo-
catalysts with excellent photocatalytic activities have been devel-
oped based on surface plasmon resonance, such as Ag/SBA-15
[8], Ag@C3N4 [9], and Au/TiO2 [10]. In addition, plasmonic compos-
ites of Ag-AgBr [11-13], Ag–AgCl [14], and Ag/AgI [15,16] have also
been reported for their excellent photocatalytic activities. Among
these, silver bromide (AgBr) is well known as a narrow band gap
(2.6 eV) semiconductor for constructing heterostructured semicon-
ductor systems. Ag-AgBr has been a new visible light photocat-
alytic material for its good sensitivity to light and stability under
visible light irradiation. This is due to the surface plasmon reso-
nance (SPR) of silver nanoparticles produced on the surface of sil-
ver bromide [17], and these silver nanoparticles can enhance the
electron migration to increase the interfacial charge transfer and
inhibit the recombination of electron-hole pair efficiently [13].

However, the photocatalytic activity of Ag-AgBr photocatalysts
are limited due to their relatively large, micrometre-sized particles,
which lead to low surface areas and high recombination speeds of
the photo-generated charge supports [18]. In order to make an effi-
cient use of solar energy for photocatalysis, loading silver bromide
onto high surface area supports is considered to be an effective
method to improve the ability of photocatalysts for removing
organic pollutants by adsorption-photocatalysis. It has been
reported that Ag-AgBr can be loaded onto many supports such as
activated carbon [19], carbon nanotubes [20], graphene-oxide
[21], c-Al2O3 [16], and TiO2 [22,23]. Until now, nanostructured sil-
ver/silver halides, including nanowires, microspheres, or nan-
otubes, have been synthesized by a variety of methods [24–26].
Template-based synthesis method has been attracted many scien-
tists because this method utilizes a pre-existing guide with desired
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nanoscale features to direct the formation of nanomaterials into
forms that are difficult to achieve by other methods [27]. Wang
et al. reported the synthesis of porous AgBr/Ag composite micro-
spheres using a one-step template-assisted in-situ route [28] and
Ag-AgBr composite nanoparticles through ion-exchange of Ag2-
MoO4 template with HBr [11]. Xiao et al. prepared Ag@AgBr cubic
cages using a water-soluble sacrificial salt-crystal-template pro-
cess [13]. In addition, cetyltrimethylammonium bromide (CTABr)
is known as an effective template, and has been widely used in
the morphology-controlled synthesis of nanoparticles [29]. Typi-
cally, CTABr and AgNO3, have been used to prepare AgBr nanopar-
ticles on a matrix, and then a part of the Ag+ in silver bromide is
reduced to metallic Ag particles by light irradiation. However, a
popular method of dispersing Ag-AgBr on a support easily results
in the accumulation of active particles on the surface of the sup-
port, which often destroy the support’s channel structures, hence
decreasing the adsorption-photocatalysis performance of this
composite.

In this study, we prepared a novel nanocomposite Ag-AgBr/Al-
MCM-41 with excellent photocatalytic activity by loading Ag-
AgBr on Al-MCM-41 from natural bentonite as silica and aluminum
sources using the chemical deposition. The photocatalytic perfor-
mance of Ag-AgBr/Al-MCM-41 was assessed with different con-
tents of Ag-AgBr synthesized using cetyltrimethyl ammonium
bromide (CTAB). The photocatalytic activity of the nanocomposite
was tested in the context of its oxidative desulfurization of diben-
zothiophene as a model fuel in the presence of H2O2 under UV radi-
ation. The effect of Ag-AgBr content on the photocatalytic activity
of the nanocomposite was thereby investigated in detail.
Scheme 1. Reactor setup for the chemical deposition process.
2. Experimental

2.1. Materials

The natural bentonite with a chemical composition of 54.22
SiO2; 15.8 Al2O3; 11.08 Fe2O3; 0.84 TiO2; 2.07 CaO; 3.56 MgO;
1.98 Na2O in weight percent, and the loss on ignition (LOI) of
10.45%, was obtained from Di Linh, Vietnam. All other reagents
and chemicals including cetyltrimethylammonium bromide (CTAB,
�98%), hydrochloric acid (HCl, 37%), nitric acid (HNO3, 69%),
sodium hydroxide (NaOH, 97%, pellets), hydrogen peroxide
(H2O2, 30% in water), silver nitrate (AgNO3, �98%), dibenzothio-
phene (DBT, 98%), and n-octane (98%) were obtained from
Sigma–Aldrich without further purification.
Fig. 1. (a) Small-angle and (b) wide-angle XRD patterns of the synthesized
Al-MCM-41 from bentonite.
2.2. Synthesis of Al-MCM-41 from Vietnamese bentonite

Al-MCM-41 was synthesized following studies reported by
Yang et al. and Ali-dahmane et al. [30,31]. In this synthesis proce-
dure, a mixture of 1 bentonite:1.2 NaOH powder in weight ratio
was calcined in air at 600 �C for 5 h. The fused mixture was cooled
down to room temperature, then stirred vigorously in distilled
water for 24 h. The resultant suspension was separated to obtain
a supernatant containing silica and aluminum. In the next step,
1.2 g of CTAB was dissolved into 20 mL of distilled water. This mix-
ture then was added up by 80 mL above supernatant under stir-
ring. After 15 mins, HNO3 2M was dropped into the mixture to
adjust pH of 10, then stirred for another 2 h. The resultant slurry
achieved after this reaction was transferred to a Teflon-lined
stainless-steel autoclave (250 mL) and aged at 110 �C for 24 h.
After crystallization, the white solid obtained was filtered, washed
repeatedly with distilled water and dried at 100 �C overnight.
Finally, the sample was calcined in a furnace at 550 �C for 5 h with
a heating rate of 2 �C/min to form Al-MCM-41.
2.3. Synthesis of Ag-AgBr/MCM-41 nanocomposites by chemical vapor
deposition method

An appropriate amount of Al-MCM-41, CTAB, and AgNO3 were
placed in each side of a quartz reactor with the glass wool placed
in the middle of the wall. Nitrogen was introduced slowly to reac-
tion tube with a rate of 60 mL/min for 15 min to remove all the
oxygen present in the reaction system. The reactor was then
heated up to 400 �C for 3 h with a ramping rate of 10 �C/min
(Scheme 1). The desired amount of Ag-AgBr in the catalyst was
adjusted by varying AgNO3 content. Bromide ion in CTAB was used
in excess amounts to effectively precipitate AgBr. A series of
Ag-AgBr/Al-MCM-41 samples with different amount of Ag-AgBr
ranging from 10 to 60% were labeled as x% Ag-AgBr/Al-MCM-41
with x is the weight percentage of Ag-AgBr in the samples.

2.4. Characterization techniques

The crystalline phase structure of as-prepared materials was
determined over the 2-theta range of 1–10� and 10–80o

(D8 ADVANCE, Bruker, Germany) using Cu Ka1 copper radiation
(k = 0.154 nm) as the X-ray source at a scan rate of 3�min�1. The
Brunauer–Emmett–Teller (BET) surface areas of the samples were
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evaluated by the N2 adsorption isotherm at 77 K using a BET Sorp-
tometer (Automated Sorptometer BET 201-A, USA). The morphol-
ogy of the nanocomposites was observed by SEM using an S-
4800 microscope (Hitachi, Japan), operating at an accelerating
Voltage of 200 kV. The transmission electron microscopy (TEM)
analysis was performed on a Leica IEO 906E microscope operating
at 120 kV, and the samples were prepared by suspending in
Fig. 2. EDS spectrum of Al-MCM-41.

Fig. 3. Small-angle XRD patterns of 10–60% Ag-AgBr/Al-MCM-41.

Table 1
Textural properties of Al-MCM-41 and Ag-AgBr/Al-MCM-41 samples.

Samples SBET (m2/g) Vpore (cm3/g

Al-MCM-41 633 0.94
10% Ag-AgBr/Al-MCM-41 623 0.79
20% Ag-AgBr/Al-MCM-41 571 0.75
30% Ag-AgBr/Al-MCM-41 479 0.74
40% Ag-AgBr/Al-MCM-41 478 0.66
50% Ag-AgBr/Al-MCM-41 237 0.55
60% Ag-AgBr/Al-MCM-41 114 0.36

SBET: Specific surface area calculated by the BET method.
Dp: Pore diameter and Vp: Pore volume calculated from the N2 desorption data based o
d100, the space distance between (100) planes.
ao, lattice cell parameter of the hexagonal structure.
Unit-cell parameter determined from the position of the (100) diffraction line as ao = 2d
Pore wall thickness calculated as w = ao � Dp.
ethanol. Energy-dispersive X-ray spectroscopy analysis (EDX) was
measured on a JED-2300 with gold coating. The surface electronic
state was identified through X-ray photo-electron spectroscopy
(XPS) performed on an AXISULTRA DLD Shimadzu Kratos Spec-
trometer (Japan) using monochromated Al Ka radiation (1486.6
eV). The PL spectra of the photocatalysts were detected using a
spectrofluorometer Fluorolog FL3-22 JobinYvon-Spex, USA using
a 450W xenon lamp as an excitation source with excitation wave-
length of 400 nm. UV-Vis diffuse reflection spectroscopy (DRS) was
performed on a Shimadzu UV2550 spectrophotometer with BaSO4-
coated integrating sphere in the wavelength range of 200–800 nm.
2.5. Photocatalytic oxidative desulfurization of dibenzothiophene
(DBT)

Photocatalytic activity of Ag-AgBr/Al-MCM-41 nanocomposite
was determined by photocatalytic oxidative desulfurization of a
model fuel. This fuel was prepared by adding 0.5 g of DBT in 1L
of n-octane to get 500 pmm DBT solution. Then 10 mL of model
fuel and 0.2 g of Ag-AgBr/Al-MCM-41 photocatalyst were placed
into the reactor. Before illumination, the suspension was placed
in the dark for 45 min to attain adsorption-desorption equilibrium
between the photocatalyst and DBT under constant stirring. After
that, an appropriate amount of H2O2 was added into the reaction
system and it was illuminated with the 125 W high pressure Hg
) D (nm) d100 (Å) a0 (nm)

8.64 36.85 4.25
8.55 37.28 4.30
8.23 37.59 4.34
7.20 38.37 4.43
7.05 39.11 4.52
4.68 40.28 4.65
4.56 40.94 4.73

n the BJH method.
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Fig. 4. Wide-angle XRD patterns of 10–60% Ag-AgBr/Al-MCM-41.



Fig. 5. SEM images of (a) Al-MCM-41 and (b) 40% Ag-AgBr/Al-MCM-41.

Fig. 6. EDS elemental mapping analysis of 40% Ag-AgBr/Al-MCM-41, (a) the SEM image of the analyzed sample, (b) the yellow color represents element Ag, (c) the purple
color is element Br.
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Fig. 8. (A) Nitrogen adsorption-desorption isotherms, (B) BJH pore size distribution
of: (a) Al-MCM-41, (b) 10% Ag-AgBr/Al-MCM-41, (c) 20% Ag-AgBr/Al-MCM-41, (d)
30% Ag-AgBr/Al-MCM-41, (e) 40% Ag-AgBr/Al-MCM-41, (f) 50% Ag-AgBr/Al-MCM-
41, (g) 60% Ag-AgBr/Al-MCM-41.
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lamp. The absorption of DBT was monitored with a UV-Vis spec-
trophotometer at kmax = 325 nm [32].

The strong absorption at this wavelength suggested an n ! p�

excitation similar to that for the sulfur atom in DBT. The conver-
sion of DBT was calculated according to the initial, Co (mg L�1),
and final, Ct (mg L�1) concentrations of DBT in the reaction solution
at reaction time t (min).

v ¼ ððCo � CtÞ=CoÞ � 100

where v is the conversion percent of DBT.

3. Results and discussion

3.1. Characterizations of the nanocomposites

The small and wide angle XRD patterns of different samples are
shown in Fig. 1a and b, respectively. Al-MCM-41 (Fig. 1a) exhibits a
strong diffraction peak and two obvious sub-peaks corresponding
to the diffraction planes (1 0 0), (2 0 0), and (2 1 0), respectively,
which indicates Al-MCM-41 synthesized from Vietnamese ben-
tonite possesses a typical two-dimensional hexagonal lattice and
hexagonal channels of MCM-41 material [33]. Moreover, no char-
acteristic peaks of amorphous silicon phase or impurity at 2h =
10–40�, suggesting major amounts of silicon and aluminum
extracted from the bentonite were consumed to produce Al-
MCM-41 (see Fig. 2).

Three elements including O, Si and Al in Al-MCM-41 sample
were detected by EDS method. The signal of C in the spectrum is
derived from the carbon used to support the specimen.

Small-angle XRD patterns of all composite samples with 10–
60% Ag-AgBr were showed in Fig. 3. The peak of the (1 0 0) crystal
plane at 2h between 1.9 and 2.4� observed in these results is for Al-
MCM-41, indicating that the well-fined ordered structure of the
mesoporous material remained unchanged. However, the peak
intensity of Ag-AgBr/Al-MCM-41 decreases while the amount of
Ag-AgBr depositing on Al-MCM-41 increases. This could be due
to the difference on the scattering contrasts of Ag and AgBr being
self-assembled into mesoporous channel of Al-MCM-41. This
results is in good agreement what stated in previous studied by
Maler and Yang et al. [34,35]. Indeed, it can be seen that Ag-AgBr
was successfully loaded on the surface of Al-MCM-41 accompanied
by increasing the amount of Ag-AgBr from 10–40%. However, the
(1 1 0) and (2 0 0) planes correlated with 2h = 3.8� and 4.4� of Ag-
AgBr/Al-MCM-41 completely disappear when the amount of Ag-
AgBr increased from 50% to 60%. It demonstrates that the increas-
ing amount of Ag-AgBr has covered part of porous structure and
decreased intensity of diffraction peaks of (1 0 0), (1 1 0), and (2
0 0) planes of Al-MCM-41 support.
Fig. 7. TEM images of 40%
Additionally, in the presence of Ag-AgBr, the (1 0 0) diffraction
peak shifts to lower 2h value, results in the slight increase of ao
parameter of the mesostructure network (a0 = 2d100/

p
3) (Table 1).

This increase may be related to the metallic ion (Ag+) substitution
Ag-AgBr/Al-MCM-41.



1832 X.N. Pham et al. / Advanced Powder Technology 29 (2018) 1827–1837
with Si4+ in the Al-MCM-41 network. Since the ionic radius of Ag+

(0.61) is greater than that of Si4+ (0.41), the AgAO bonding length is
greater than that of SiAO, which leads to the increase in ao param-
eter of the network [36–38].

Wide-angle diffraction reflections (Fig. 4) at 26.7�, 31�, 44.3�,
55�, 64.5�, and 73.4� were designated respectively to (1 1 1), (2 0
0), (2 2 0), (2 2 2), (4 0 0), and (4 2 0) planes of cubic AgBr (JCPDS
No. 06-0438). The reflections at 38.1�, 44.3�, and 64.5� were
assigned to the (1 1 1), (2 0 0), and (2 2 0) planes of metallic Ag
(JCPDS No.04-0783) [39,40]. In addition, the intensities of these
diffraction peaks were constantly enhanced, thus indicated a better
crystallinity with the increase of AgBr content.

SEM images of Al-MCM-41 revealed irregular spherical particles
with a cross-linked network (Fig. 5a). Fig. 5b shows the self-
assembling of Ag-AgBr particles on the surface and into the meso-
porous channels of Al-MCM-41. The obtained nanocomposite
exhibited a uniform coverage of Ag-AgBr particles while retaining
its good mesoporous structure.

Fig. 6 represents the SEM images of the regions where electron
mapping was performed. The yellow and purple colors in Fig. 6a
and b correspond to the mapping of silver and bromine elements
in the nanocomposite sample, respectively.

The TEM images of the synthesized 40% Ag-AgBr/Al-MCM-41
sample are shown in Fig. 7. The TEM images confirm that the
Fig. 9. XPS spectra of (a) Al-MCM-41, (b) 40% Ag-AgBr/Al-MCM-41, and high-res
nanocomposite has a well-ordered mesoporous channel arranged
in hexagonal structure. This structural ordering is visible in the
directions perpendicular (Fig. 7a) and parallel to the pore axis
(Fig. 7b). This is consistent with the results obtained from XRD
study.

The porosity properties of 10–60% Ag-AgBr/Al-MCM-41 sam-
ples are mesoporous materials as characterized by their nitrogen
adsorption-desorption isotherms of type IV with hysteresis loop
(Fig. 8). The adsorption amount of 40% Ag-AgBr/Al-MCM-41 rose
remarkably at a relative low pressure (P/Po < 0.4) compared to
50–60% Ag-AgBr/Al-MCM-41. This could be due to the large speci-
fic surface area of 40% Ag-AgBr/Al-MCM-41 promoting monolayer
adsorption of nitrogen towards the walls of the mesopores. More-
over, the adsorption amount of Ag-AgBr/Al-MCM-41 decreased
dramatically at the pressure range of 0.4–1.0 when the amount
of Ag-AgBr increased to 50–60%. This result indicates that the
reduction in the pore size of 50–60% Ag-AgBr/Al-MCM-41 samples
is due to the high loading of AgBr species into the channel of Al-
MCM-41 as well as reduced degree of order in the mesoporous
structure . Indeed, no major difference in adsorption isotherms of
40% Ag-AgBr/Al-MCM-41 and Al-MCM-41 was observed, which
indicates that 40% Ag-AgBr has a mesoporous structure. The speci-
fic surface area, pore volume, and pore diameter of all samples are
listed in Table 1.
olution XPS spectra of Ag 3d (c) and Br 3d (d) of 40% Ag-AgBr/Al-MCM-41.
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XPS spectra of Al-MCM-41 and 40% Ag-AgBr/Al-MCM-41
nanocomposites are shown in Fig. 9. The peaks assigning to Ag
3d, Br 3d, Si 2p, O 1s, and Al 2p are presence in the spectra of
the two samples, except for the C 1s peak arising from adventitious
hydrocarbon in the XPS instrument. Fig. 9c showed two bands at
367.62 eV and 373.2 eV are typical for Ag 3d5/2 and Ag 3d3/2,
respectively. These two bands could be divided into four different
peaks: two peaks at 368.32 eV and 374.32 eV are attributed to the
Ag+ in AgBr, while the other two peaks at 373.62 eV and 367.62 eV
belong to Ago species [41]. The peak at 68.27 eV (Fig. 9d) could be
assigned to Br- in AgBr [42].

The UV-Vis DRS in the wavelength range of 200–800 nm for 10–
60% Ag-AgBr/Al-MCM-41 are shown in Fig. 10. Among samples
with different amount of Ag-AgBr, 40% Ag-AgBr/Al-MCM-41 sam-
Fig. 10. (A) UV-Vis diffuse reflectance spectra (B) Band-gap energies (Eg) of samples: 10%
AgBr/Al-MCM-41, 50% Ag-AgBr/Al-MCM-41, and 60% Ag-AgBr/Al-MCM-41.
pleshows a superior capacity of light absorption (Fig. 10d). The
band-gap energy of a photocatalyst could be calculated using the
following equation.

ahm ¼ ðAhm� EgÞ
n
2 ð1Þ

where Eg is the band gap (eV), h is the Planck’s constant, A is the
absorption constant, m is the light frequency, and (a) is the absorp-
tion coefficient. N depends on the characteristics of the transition in
a semiconductor, for example n = 1, 4 for direct and indirect transi-
tions, respectively. The band-gap energy Eg can be estimated from
the x-axis intercept of the tangent of (ahv)1/2 plot versus the photon
energy (hm).

The band-gap energy Eg calculated from Eq. (1) of 10% Ag-AgBr/
Al-MCM-41, 20% Ag-AgBr/Al-MCM-41, 30% Ag-AgBr/Al-MCM-41,
Ag-AgBr/Al-MCM-41, 20% Ag-AgBr/Al-MCM-41, 30% Ag-AgBr/Al-MCM-41, 40% Ag-
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40% Ag-AgBr/Al-MCM-41, 50% Ag-AgBr/Al-MCM-41, and 60% Ag-
AgBr/Al-MCM-41 samples are approximately 1.87, 1.82, 1.80,
1.52, and 1.73 eV, respectively. These results are in good agree-
ment with their capacities of light absorption.

In order to further investigate the recombination behavior of
the photocatalysts, the PL spectra were obtained using A 450W
xenon lamp was applied as an excitation source with the excitation
wavelength of 400 nm. The results are shown in Fig. 11.

In this Figure, it is clear to note that the emission band of pho-
tocatalyst samples centered at k = 457 nm. The PL emission inten-
sities significantly decreased with the introduction of Ag@AgBr
content from 10% to 40%, and then dramatically increased when
the loadings were over 40%. The results demonstrated that the
lower levels of Ag-AgBr are enough to provide the appropriate
amount of the photogenerated electron–hole pairs and effectively
improve the charge transfer and separation. However, when the
content of Ag-AgBr is too high, a huge amount of trapping sites
could be created and consequently facilitated the recombination
of photo-production carriers. As a result, the photocatalytic activity
decreased in this case [43].
Fig. 11. Photoluminescence (PL) spectra of Ag-AgBr/Al-MCM-41 photocatalysts.

Fig. 12. Conversion of DBT over 10–60% Ag-AgBr/Al-MCM-41 photocatalysts at 50
�C, Vmodel oil = 50 mL, mcatalyst = 50 mg, and VH2O2 = 1 mL.
3.2. Photocatalytic activity of the samples

Figs. 12 and 13 illustrate the photocatalysis of 10–60% Ag-AgBr/
Al-MCM-41 samples for the desulfurization of DBT under visible-
light irradiation. The experiments were conducted at 50 �C and
70 �C, 500 ppm of DBT, 50 mL of dibenzothiophene in n-octane
solution, and 50 mg of photocatalyst, and 1 mL of H2O2.

The results indicate that increasing Ag-AgBr contents from 10%
to 40% leads to an increase in the desulfurization rate from 41% to
75% at 50 �C, and from 78% to 98% at 70 �C. However, by increasing
Ag-AgBr contents to 50–60%, the conversion of DBT decreases to
51% and 70% at 50 �C and 70 �C, respectively. This could be due
to nuch lower surface areas and pore volumes of 56%, 60% Ag-
AgBr/Al-MCM-41 samples compared to other catalysts (Table 1).
The catalyst of 40% Ag-AgBr/Al-MCM-41 shows the highest photo-
catalytic activity (Figs. 12 and 13) because it has the lowest band
gap energy and a comparably high surface area as 10–30% Ag-
AgBr/Al-MCM-41catalysts.

The conversion of DBT is a maximum of 98% at 70 �C. At this
temperature, the generation rate of hydroxyl radicals (�OH) is
Fig. 13. Conversion of DBT over 10–60% Ag-AgBr/Al-MCM-41 photocatalysts at 70
�C, Vmodel oil = 50 mL, mcatalyst = 50 mg, and VH2O2 = 1 mL.

Fig. 14. Conversion profile of DBT at different H2O2 oxidant amounts. Experimental
conditions: Vmodel oil = 20 mL; m40%Ag-AgBr/Al-MCM-41 = 50 mg; t = 70 �C.



Fig. 15. Conversion of DBT in the presence of 40% Ag-AgBr/Al-MCM-41 for four
cycles. Experimental conditions: Vmodel oil = 20 mL; m40%Ag-AgBr/Al-MCM-41 = 50 mg;
VH2O2 = 1 mL; t = 70 oC.

Fig. 16. XRD patterns of 40% Ag-AgBr/Al-MCM-41 photocatalyst before (A) and after (B) o
oxidative desulfurization.
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higher than that at 50 �C, thus gives higher conversion of DBT via
oxidation on the catalyst surface [44,45]. In addition, the oxidation
of DBT below 50 �C is limited by kinetics because of the diffusion
restriction at low temperatures.

Fig. 14 showed that the desulfurization conversion of DBT over
40% Ag-AgBr/Al-MCM-41 catalyst after 6 hours reached 78% with
the addition of 0.5 mL H2O2. The overall conversions of DBT desul-
furization remained nearly the same with increasing H2O2 concen-
tration from 1 to 2 mL, and reached the highest sulfur removal rate
of 98% after 6 h. As already known, H2O2 is a strong oxidizing agent
that produces hydroxyl radicals when exposure to the light (Eq.
(2)). However, an excessive amount of H2O2 would poison the
Ag-AgBr/Al-MCM-41 catalyst surface, thus has adverse effect to
the photocatalytic reaction [46].

H2O2 !hm 2�OH ð2Þ
This resulted inan optimal amount of hydroxyl radicals for the

oxidation of DBT obtained with the addition of approximately 1
mL H2O2. When H2O2 was used at low concentration (<0.5 mL),
the reaction between the hydroxyl radicals and H2O2 are given in
Eq. (3):
xidative desulfurization; (C and D) the SEM images of 40% Ag-AgBr/Al-MCM-41 after
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H2O2 + �OH ! H2O + O2
� + Hþ ð3Þ

is minimized, while the need to provide sufficient radicals is necce-
sary to facilitate the oxidation reaction. Therefore, activity of Ag-
AgBr nanoparticles on the support of Al-MCM-41 for DBT pho-
todegradation largely depends on the photo-generated electron-
hole pairs. AgBr and Ago could be excited by ultraviolet due to the
band-gap structure and surface plasmon resonance, respectively.
Firstly, AgBr can be excited to form photo-generated electron-hole
pairs according to Eq. (4):

AgBrþ hm! AgBrðe� þ hþÞ ð4Þ
The Ago nanoparticles on the surface of Ag-AgBr/Al-MCM-41

could act as electron traps to facilitate the separation of photo-
generated electron hole pairs as following:

AgBr(e�) + Ag ! AgBr + Ag(e�) ð5Þ
These photo-generated electrons reactwith anion oxygen O�

2

(from Eq. (3)) absorbed on the catalyst surface to produce strong
oxidizing and active ð�O�

2 Þ as equation.

Ag(e�) + O2
� ! �O2

� + Ag ð6Þ
Simultaneously, the holes left on the valence band of AgBr can

react with H2O molecules (from Eq. (3)) to generate �OH as below
equation:

AgBr(hþ) + H2O ! �OH + AgBr + Hþ ð7Þ
or AgBr(h+) oxidize Br� to form Bro as [43,47]:

AgBr(hþ) + Br� ! Bro + AgBr ð8Þ
Therefore, the surface active species such as �O�

2 ; h
þ
; �OH and

Br� play an important role in the oxidative desulfurization of DBT.
The stability of the catalyst is an important factor of the photo-

catalytic process. To investigate the lifetime of 40% Ag-AgBr/Al-
MCM-41 catalyst, at the end of reaction, the catalyst was recovered
by centrifugation, washed several times by distilled water and
ethanol in the experiments. Fig. 15 revealed that the oxidative
desulfurization degree of DBT decreased slightly with the recycling
runs but still above 90% after recycling four times. The small
amount of catalyts loss in the cyclic experiments could be the rea-
son for the slight decrease in photocatalytic activity. However, the
conversion which remained higher than 90% in all tests indicated
that the Ag-AgBr/Al-MCM-41 catalyst possessed high photocat-
alytic stability.

In addition, XRD patterns (Fig. 16A and B) and SEM images (Fig.
16C and D) also demonstrated that there was no clear change
observed in phase structure and morphology after the recycling
experiments. Based on the above results, the high photocatalytic
activity and stability of the Ag-AgBr/Al-MCM-41 photocatalyst
could be proved.

4. Conclusions

In conclusion, various amounts of Ag-AgBr loading on Al-MCM-
41 support, obtained from Vietnamese bentonite improved the
surface areas of the photocatalysts by chemical deposition method
using suitable amounts of CTAB. The synthesis method created a
bi-functional Ag-AgBr/Al-MCM-41 with a large surface area, uni-
form porous structure, and an excellent photocatalytic activity
for the oxidation of dibenzothiophene in model fuel samples. The
optimum loading amount of Ag-AgBr on Al-MCM-41 is 40% in
weight and this 40% Ag-AgBr/Al-MCM-41 material exhibits the
highest photocatalytic activity, with DBT conversion of 99.22%
under visible-light irradiation. Moreover, the photocatalyst main-
tains a high level of activity after four cycles. The synthesized
nanocomposites with high photocatalytic activities could be con-
sidered as promising candidates for the effective removal of
organic pollutants.
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