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Ni metal nanoparticles were attached on the C/TiO2@MCM-41 (CTM-41) via facile and fast method based
on dispersing of C/TiO2@MCM-41 in aqueous solution containing nickel ions by ultrasonic bath. Then, for
the first time, the Ni ions were converted to Ni nanoparticles under UV light (photo-assisted deposition,
PAD method), without using reducing agents and hydrogen gas. This process was carried out under the
relatively mild conditions. The results showed that Ni (II) was reduced to Ni metallic nanoparticle in the
size of about 2.7 nm on the surface of CTM-41 (Ni/CTM-41) with specific surface area of 754.37 m2 g�1.
The photocatalytic ultra-deep desulfurization of a fuel-like n-octane containing dibenzothiophene (DBT)
was conducted over the Ni/CTM-41 nanophotocatalyst. Using this method, the total sulfur content effi-
ciently decreased under mild conditions in one phase and without using an oxidant. The synthesized
Ni/CTM-41 (3% Ni) exhibited the maximum photocatalytic desulfurization of DBT for all different ratios
of Si/Ti. In contrast, the synthesized CTM-41 (without Ni) exhibited the maximum photocatalytic desul-
furization of DBT only for minimum ratio of Si/Ti. The Ni/CTM-41 was characterized by several techniques
including N2 adsorption–desorption isotherms, XRD, TEM, and atomic absorption spectroscopy tech-
niques. The results confirmed that Ni was highly dispersed on the support phase. The GC–MS analysis
confirmed the photocatalytic removal of DBT. Based on the experimental results, it is proposed that
the hydroxyl radical and hole have key role in the photocatalytic desulfurization process.
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1. Introduction

The reduction of sulfur content in commercial fuels (gasoline
and diesel oil) is important for improving air quality because they
are the main sources of SOx emissions, a major air pollutant [1–3].
Deep desulfurization of commercial fuels is significant not only for
clean air but also for use in fuel cell. The sulfur concentration of the
fuel needs to be ultra-low (<1 ppm). Hydrodesulfurization (HDS) is
a conventional process for removing sulfur compounds such as thi-
ols, sulfides, disulfides, thiophenes, and benzothiophene. This
method is less effective for removing dibenzothiophene (DBT)
and its derivatives. In conventional HDS, it is difficult to reduce
the sulfur of liquid fuels to a very low level (<1 ppm). In order to
reach sulfur level to zero, refractory sulfur compounds such as
DBT and its derivatives must be separated from diesel fuels [4–7].

Oxidative desulfurization (ODS) is considered to be one of the
promising new methods for deep desulfurization of fuel. This is
due to the low cost of ODS and it can be carried out under very
mild conditions. As a kind of ODS technique [8–10], the photocat-
alytic ODS is also an attracting method [2,11].

Several studies showed that the refractory compounds espe-
cially 4,6-dimethyl dibenzothiophene (4,6-DMDBT) bind tightly
by an electronic back bonding between species adsorbed to the
surface of an adsorbent through the formation of p-complexes.
This usually occurs between a transition metal and the aromatic
rings of the adsorbed species. In the p-complexation mechanism,
the cation can form the usual r-bonds with their s-orbitals while
their d-orbitals can back-donate electron density to the antibond-
ing p-orbitals of sulfur rings. The metals with ndXns0 (x = 5–10)
electronic configuration can form a strong electronic bonding to
achieve p-complexation. The metals also possess an empty s orbi-
tal, capable of accepting electron density, and the d orbitals with
electrons available for back donation, for example Ni with a [Ar]
3d84s0 electronic configuration. However, to achieve an adsorption
process these metals should have a suitable support [12–15].

Recently, we carried out ODS technique for photodesulfuriza-
tion of DBT with CTM-41 [16]. The objective of the present study
is to improve the desulfurization performance by deposition of
Ni nanoparticles on CTM-41. Mesoporous molecular sieves
(CTM-41) and ultrasonic bath were used to increase the nickel dis-
persion. In deposition process, the PAD method was employed and
the pH was adjusted at the isoelectric point of photocatalysis.
2. Experimental

2.1. Materials

Tetrabutylortotitanate (98%), ethanol (99.5%), dimethyl
sulfoxide (DMSO, 99%), ammonium oxalate (AO, 99.5%), nickel
nitrate (Ni(NO3)2�6H2O), and hexane were supplied by Merck.
DBT, tetrachloride titanate (TiCl4, 99.9%) and p-benzoquinone
(BQ) from Sigma–Aldrich, n-octane (95%) from Samchun, and
MCM-41 from Gas Chem Company of China. De-ionized water
was used in the preparation of the catalyst.
2.2. Preparation of Ni/CTM-41 nanocomposites

CTM-41 nanocomposite was prepared according to our previous
work [16]. The pHpzc of CTM-41 was determined at 3 by using the
drift method [17]. A desired amount of degased Ni(NO3)2�6H2O
solution (0.004 M) was slowly added into the suspension contain-
ing 0.15 g CTM-41 at room temperature. The mixture was stirred
by a mechanical stirring under Ar gas atmosphere [18] and the
pH of the suspension was adjusted to 2.9–3.0 by HCl aqueous
solution (5 mM).
At pH = 3, the zeta potential of CTM-41 was zero, therefore, Ni
ions cannot be adsorbed on the surface of CTM-41 which is helpful
for the photoreduction of Ni2+ to Ni0 without going into nickel
oxide. The mixture was kept in the ultrasonic bath for 1 h under
Ar gas. Then, the system was stirred for 2 h at room temperature
under argon gas to remove the air in the solution.

The suspension was photo irradiated by 300 W high pressure
mercury lamp for 5 h. Then, the solid phase was separated from
the mixture using centrifugation at rate of 5000 rpm. It was
washed four times with deionized water and the product was dried
in an oven at 100 �C overnight. The samples with Si/Ti ratios of 50,
10, 7 and 5 were named Ni/CTM-41 (50), Ni/CTM-41 (10),
Ni/CTM-41 (7), Ni/CTM-41 (5), respectively.

2.3. Characterization techniques

The X-ray diffraction (XRD) was performed by Bruker-axs, D8
Advance model, with monochromatized Cu Ka radiation
(k = 1.5406 A). Optical absorption spectra of the DBT were mea-
sured using UV–Vis spectroscopy (Unico 2800). The N2 adsorption
isotherms of samples were studied at 77 K on a Belgian apparatus
(Belsorp mini II model). The isotherms were used to calculate BET
specific surface areas, pore volumes, and pore sizes of the powder
samples. The particle size of the deposited Ni metal was deter-
mined with transmission electron microscope (TEM, Philips
CM-120). The GC–MS (Agilent-6890, MSD: 5973N) was used for
determining the degradation products.

2.4. Photocatalytic degradation of DBT

The degradation was performed under constant stirring in a
50 mL glass vessel with a plug. As a model fuel, 10 mL of n-octane
solution of DBT (300 ppm) was placed in a vessel and a specified
amount of catalyst was added. Before illumination, the suspension
was magnetically stirred to attain adsorption–desorption equilib-
rium between photocatalyst and DBT for 45 min in the dark and
then it was illuminated with two 300 W tungsten lamps (visible
irradiation) at 333 K for 5 h. External oxidative or
radical-generating sources were not added to the mixture. The
absorption of DBT was monitored with a UV–Vis spectrophotome-
ter at kmax = 325 nm [19]. The strong absorbance at 325 nm sug-
gests a n ? p⁄ excitation similar to that for the sulfur atom in
DBT. Then, the absorption was converted to the concentration
through the standard curve. The degradation of DBT was calculated
according to the initial, C0 (mg/L) and final, C (mg/L) concentrations
of DBT in the solution:

x ¼ ððC � C0Þ=C0Þ � 100

where x stands for the degradation percent. To prove of degradation
of DBT, the liquid phase was separated from catalyst by centrifuge.
Then, the organic phase and catalysis were extracted for GC-MASS
analysis.
3. Results and discussion

3.1. Photodeposition of Ni precursor

In our previous work [16], the formation of an ordered meso-
porous structure of CTM-41 was confirmed. It was also indicated
the presence of anatase (isolated Ti-oxide moieties in CTM-41)
and tetrahedrally coordinated Ti oxide moieties (Ti4+) within the
framework of the CTM-41 [20–22].

As shown in Fig. 1, the UV–Vis spectra of CTM-41 (Si/Ti = 50)
exhibited a very intense and narrow UV absorption at around
200–210 nm. Also, a peak shoulder is observed at 230 nm. Le Noc



Fig. 1. UV–Visible spectra for: (a) CTM-41 (50) and (b) Ni/CTM-41 (50).

Fig. 2. XRD patterns of (a) MCM-41, (b) CTM-41(5) and (c) Ni/CTM-41(5).
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et al. suggested that the two bands at 200–210 and 230 nm are due
to the two different framework sites [Ti(OH)(OSi)3 and Ti(OSi)4]
which indicates that the titanium exists mainly in tetrahedral
coordination. These two peaks arise from oxygen ligand to tetrahe-
dral titanium-(IV) charge transfer (LMCT) as represented in Eq. (1)
[23]:

Ti4þ
=O2�������! ������hvðExcitationÞ

Ti3þ
=O� ð1Þ

The additional broad shoulder in the range of 250–350 nm indicates
the presence of Ti–O–Ti connectivities and/or five or
six-coordinated titanium species which can appear upon hydration
by insertion of water molecules as extra ligands [24,25]. The
Ni/CTM-41 samples have different absorption in UV–Vis spectra in
comparison with CTM-41. This is due to the interactions between
the Ni metallic nanoparticles and titania. The other UV–Vis spectra
(see the Supporting Information, Figs. S 1–3) further confirm that
the CTM-41 even with higher amount of TiO2 (Si/Ti = 10, 7, 5) show
the framework described above. Under UV-light irradiation of Hg
lamp with the wavelength < 400 nm, the CTM-41 could generate
photo-excited electrons and positive holes [26]. The Ni2+ ion reduc-
tion takes place on the surface of TiO2 which has modified the sur-
face of mesoporous MCM-41 in an aqueous NiNO3 solution. The Ni
metal nanoparticles can be successfully deposited on the CTM-41.

TiO2 þ hv! TiO2 þ e� þ hþ

Ni2þ þ 2e� ! Ni0

Metallic nickel contents measured by atomic absorption spec-
troscopy in each of the samples are reported in Table 1. The exit
of brown gas (NO2 gas) represents the reaction between nickel
metal and concentrated nitric acid that confirmed the formation
of metallic nickel.

Ni deposition was not observed neither on the mesoporous sil-
ica without Ti oxide under UV-light irradiation nor on the CTM-41
without UV-light irradiation. These results suggest that the Ni pre-
cursor underwent anchoring on the single framework Ti4+ center
under UV-light.
Table 1
Nickel loading amount on catalyst.

Ni Sample

3.2 Ni/CTM-41 (50)
3.1 Ni/CTM-41 (10)
3.0 Ni/CTM-41 (7)
2.8 Ni/CTM-41 (5)
X-ray diffraction patterns of MCM-41, CTM-41 (5) and
Ni/CTM-41 (5) are illustrated in Fig. 2. The diffraction peaks appear
at 2h = 25.32�, 37.99�, 54.76�, 48.05� and 62.68� are typical patterns
of anatase [27]. Fig. 2 shows the phase of both CTM-41 and
Ni-CTM-41 is anatase phase. The loading of Ni does not affect on
the crystallization performance of CTM-41. It is clear that the peak
intensity of anatase increases [28] and the width of the diffraction
peaks of anatase phase becomes narrower by loading Ni. This sug-
gests that the particle size of anatase nanoparticles increases by
loading Ni [29]. The average crystallite size of the sample was esti-
mated using the Debye–Scherer equation at 2h = 25.32� and 46.36�.

By increasing Ni loading, the crystallite sizes increase from
6.89 nm to 6.90 nm and from 5.66 nm to 7.84 nm for 2h = 25.32�
and 46.36�, respectively. This might be attributed to the incorpora-
tion of Ni ion into the TiO2 lattice. Because the ionic radius of Ni ion
(0.069 nm) is slightly larger than ionic radius of Ti4+ (0.068 nm), Ni
could easily be incorporated into the TiO2 lattice, resulting in
increasing the crystallite size of nanoparticles.

The N2 adsorption–desorption isotherms of Ni/CTM-41 (5),
CTM-41(5) and MCM-41 samples were studied to assessment the
mesoporous structures of samples (Fig. 3). When the relative pres-
sure (p/p0) was between 0.3 and 0.4, a mark inflection was
observed. This is caused by capillary condensation within the
mesoporous structure. When the Ni was loaded, the inflection
became weak. The specific surface area and pore volume decreased
as can be seen from Table 2.
Fig. 3. Nitrogen adsorption–desorption isotherms of (a) MCM-41, (b) CTM-41 (5)
and (c) Ni/CTM-41 (5).



Table 2
Textural properties of MCM-41, CTM-41 (5) and Ni/CTM-41 (5).

D (nm) SBET (m2/g) V (cm3/g)

MCM-41 3.63 1076.50 0.98
CTM-41(0.2) 3.42 922.42 0.79
Ni/CTM-41(0.2) 3.31 754.37 0.6251

D (nm): average pore diameter, SBET (m2/g): surface area, V (ml/g): pore volume.
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The TEM images shown in Fig. 4 confirm the two-dimensional
branched network structure of the synthesized Ni/CTM-41. The
TEM images of Ni/CTM-41 indicate the Ni particles (dark field)
are dispersed on the surface of CTM-41 support with mean particle
size approximately 2.75 nm. Since the average pore size of
Ni/CTM-41 (3.31 nm) is smaller than that of CTM-41 (3.42 nm)
(see Table 2), some of the nickel particles should be positioned in
the CTM-41 channels.

The UV–Vis absorption spectra in Fig. 1 and Figs. S 1–3 showed
that the CTM-41 and Ni/CTM-41 are photoactive under visible light
irradiation because these samples exhibit absorption bands from
400 to 800 nm.

Fig. 5 shows the band gap energy values of CTM-41 and
Ni/CTM-41 with different Si/Ti ratios (50, 10, 7 and 5), that are cal-
culated using Tauc’s equation [30,31]. The calculated band gap
energies are 1.3 and 3.2 eV.

According to our previous work [16], the band gaps of CTM-41
were assigned to the isolated C 2p states of carbonate ions and
coke-like structure which have both been considered as the source
of the extended optical absorption in the visible range. Since the
band gaps of Ni/CTM-41 are similar to band gaps of CTM-41 at dif-
ferent ratios, it is suggested that Ni is dispersed on the surface of
CTM-41.
3.2. Titania loading on desulfurization performance

In order to examine the effect of the loading amount of titania
on desulfurization performance, four CTM-41 samples with differ-
ent Si/Ti ratios (50, 10, 7 and 5) were prepared. Fig. 6 shows a com-
parison between desulfurization of solutions (DBT in n-octane)
under dark and visible irradiation in the presence of CTM-41 with
different Si/Ti ratios.

Desulfurization of DBT under dark proceeds via adsorption that
it could be attributed to the mesoporosity of CTM-41 and Lewis
acid sites of tetrahedral Ti species in the framework of the catalyst.
As shown in Fig. 6, increasing Ti loading from Si/Ti = 50 to Si/Ti = 5
leads to an increase of desulfurization from 44.7% to 59.7% under
dark condition. However, by increasing of Ti loading the total pore
Fig. 4. TEM micrograph of Ni/CTM-41 (5) (left) and
volume of CTM-41 decreases (Table 2) but the Lewis acid sites of
tetrahedral Ti species increase which is proper for the adsorption.

Desulfurization of DBT under visible light proceeds via degrada-
tion as it was showed in our previous work [16]. The photocatalytic
activity of the samples with different ratios of Si to Ti was com-
pared with each other. The catalyst synthesized with ratio of
Si/Ti = 5 shows higher photocatalytic activity (95.6%) than that
with ratio of Ti/Si = 50 (68.8%). Its higher activity may be attributed
to the presence of more Ti in lowest ratio in CTM-41(Si/Ti = 5).
3.3. Nickel loading on desulfurization performance

The catalytic performance of Ni/CTM-41 under dark and visible
irradiation was investigated (Fig. 7). The desulfurization of DBT
was higher with Ni/CTM-41 than that with CTM-41 in both under
dark and light conditions.

Table 3 compares the desulfurization performance of
Ni/TCM-41 and CTM-41 under visible light. This indicates that
the nickel-based supports with different ratio of Si/Ti have stronger
effect on the desulfurization performance. In another word, the
degradation of dibenzothiophene under visible light from 68.6%,
74.9%, 86.2%, 95.6% for CTM-41 reaches to 93.5%, 94.5%, 96%,
98.6% for the nickel-based catalyst with ratios of Si/Ti = 50, 10, 7,
and 5, respectively. Improving the photocatalytic degradation can
be attributed to metal nickel that can help the charge separation
and act as a co-catalyst for photocatalytic activity.

Also, Table 3 shows that the best dibenzothiophene removal
percent is 59.7% for CTM-41 (Si/Ti = 5) in dark that can reach to
83.15% for Ni/CTM-41 (Si/Ti = 5). As a result, the desulfurization
performance of Ni/CTM-41 was improved. The enhancement can
be explained based on the Ni loading atoms which preferentially
form a charge-transfer complex with benzene rings of DBT
(p-complexation). Thus, the interaction between the substrate
(Ni/CTM-41) and DBT increases and then the photocatalytic perfor-
mance of Ni/CTM-41 under visible light can be increased too.

To clarify the mechanism of desulfurization of DBT, the experi-
ments were performed using different radical scavengers in the
presence of Ni/CTM-41(Si/Ti = 50). Dimethyl sulfoxid (DMSO),
ammonium oxalate (AO), p-benzoquinone (BQ) were used as scav-
engers of hydroxyl radicals (OH�), holes (h+) and superoxide anion
radicals (O2��), respectively [32,33].

As it is shown in Fig. 8, when DMSO was added, desulfurization
of DBT was remarkably inhibited. Addition of AO reduced desulfu-
rization from 98.60% to 60.10%. Therefore, the hydroxyl radicals
(OH�) and hole are the primary oxidant in photocatalytic oxidation.
When BQ as scavenger was used, desulfurization of DBT was
reduced to about 20%. This implies that the superoxide anion
size distribution of Ni on the surface (right).



Fig. 5. Tauc’s plots for Ni/CTM-41 and CTM-41 with different ratios.
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radicals (O2��) plays a minor role with respect to hydroxyl and hole
in the degradation of DBT. Also, the usage of inert N2-saturated
atmosphere causes a small change in the desulfurization. This sug-
gests that oxygen is not the primary oxidant in our photocatalytic
oxidation system.

The behaviors of scavengers in the presence of Ni/CTM-41 are
similar to the presence of CTM-41. This proved that the photocat-
alytic desulfurization of DBT by Ni/CTM41 done via direct reactions
of DBT with oxidative species on the surface, similar to mechanism
of the photocatalytic desulfurization of DBT by CTM-41. Addition
of Ni facilitates the degradation and a proposed mechanism for
DBT degradation is presented in Fig. 9. In order to describe the pho-
todegradation, the GC–MS analysis was used. The GC chro-
matogram for DBT solution (300 ppm) before photocatalytic
degradation showed a peak at retention time (tr) of 34.78 min.
This peak was identified by GC–MS analysis and compared with
standard samples. The retention time was corresponded to DBT.
After photocatalytic degradation and catalyst separation by cen-
trifuging, a sulfur compound was not detected in the solution. To
examine the adsorption of sulfur compounds on the surface, the



Fig. 6. (A) UV–Vis absorption spectra, (B) percentage of DBT degradation of DBT solution in presence of CTM-41 with different Si/Ti (x) ratios: (b) x = 50, under dark (c) x = 50,
under visible light, (d) x = 10, under dark, (e) x = 10, under visible light, (f) x = 7, under dark, (g) x = 7, under visible light, (h) x = 5, under dark and (i) x = 5, under visible light.

Fig. 7. (A) UV–Vis absorption spectra, (B) Percentage of DBT degradation of DBT solution in presence of Ni/CTM-41 with different Si/Ti (x) ratios: (b) x = 50, under dark, (c)
x = 50, under visible light, (d) x = 10, under dark, (e) x = 10, under visible light, (f) x = 7, under dark, (g) x = 7, under visible light, (h) x = 5, under dark and (i) x = 5, under visible
light.

Table 3
Degradation percent of DBT under visible light and adsorption percent of DBT under
dark in n-octane in the presence of Ni/CTM-41 and CTM-41 with different Si/Ti ratios.

Condition Si/Ti Sample Percent of desulfurization (%)

Visible light 50 CTMCM-41 68.60
50 Ni/CTMCM-41 93.50
10 CTMCM-41 74.90
10 Ni/CTMCM-41 94.50
7 CTMCM-41 86.20
7 Ni/CTMCM-41 96.00
5 CTMCM-41 95.60
5 Ni/CTMCM-41 98.60

Dark 50 CTMCM-41 44.70
50 Ni/CTMCM-41 66.49
10 CTMCM-41 54.10
10 Ni/CTMCM-41 73.19
7 CTMCM-41 56.30
7 Ni/CTMCM-41 81.34
5 CTMCM-41 59.70
5 Ni/CTMCM-41 83.15

Fig. 8. Degradation percent of DBT in the presence of scavengers with Ni/CTM-41
(0.2) and CTM-41 (0.2). (a, b) without scavenger, (c, d) N2 added, (e, f) BQ added, (g,
h) AO added and (i, j) DMSO added (s) standard solution.

358 M. Zarrabi, M.H. Entezari / Journal of Colloid and Interface Science 457 (2015) 353–359



Fig. 9. Proposed mechanism for DBT degradation.
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separated catalyst from previous step was added to alcohol and
stirred at about 30 �C. After desorption, the solution was collected
and analyzed by GC–MS analysis. The sulfur species were not
observed on the GC chromatogram.

4. Conclusions

In this work Ni/CTM-41 nanoparticles with various Si/Ti ratios
(50, 10, 7, and 5) were prepared. The MCM-41 was used as a sup-
port and it was modified by titania, then Ni metal nanoparticles
were deposited on titania by using the ultrasonic bath and PAD
method. Characterization of Ni/CTM-41 revealed that Ni metal
nanoparticles were distributed on the nanoporous molecular sieve
support. Also, similar values band gaps of Ni/CTM-41 and CTM-41
proved that the nickel nanoparticles were dispersed on the surface.
The Ni/CTM-41 samples had different UV–Vis absorption peaks in
comparison with CTM-41. This was attributed to the interactions
between the Ni nanoparticles and titania. The photocatalytic desul-
furization of DBT was found strongly influenced by the amount of
Ni atom presented on the catalyst. The Ni nanoparticles exhibited
the photo desulfurization by providing a p-complexation adsorp-
tion. The results suggested that the photocatalytic desulfurization
of DBT was highest when Ni/CTM-41 (Si/Ti = 5) was used as a cat-
alyst. The results of GC–MS analysis also showed that the DBT was
degraded by visible light irradiation under mild condition.
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