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In  this  contribution,  different  amounts  of nickel  were  incorporated  into  the  mesopores  of  MCM-41  via  an
in  situ  approach.  A  hydrophobic  nickel  precursor  was  incorporated  into  the  nanochannels  of  mesoporous
silica  by  manipulation  of  solvent–solute  interaction.  The  synthesized  material  was  characterized  using X-
ray  diffraction,  nitrogen  physisorption,  temperature  programmed  reduction,  and  transmission  electron
microscopy.  The  results  implicate  the  formation  of MCM-41  with  well-ordered  hexagonal  structure  and
establish  also  the  presence  of  nickel  nanoparticles  inside  the  nanochannels  of mesoporous  silica.  Adsorp-
tive  desulfurization  of  gas  oil was  conducted  using  the  nickel-incorporated  MCM-41  samples.  The  effects
of nickel  concentration,  temperature  of  process  and  feed  flow  rate  on  the  desulfurization  process  were
examined.  The  MCM-41  containing  6 wt.%  of nickel  had  both  the  highest  breakthrough  sulfur  adsorption
n situ incorporation capacity  and  total  sulfur  adsorption  capacity,  which  were  0.69  and 1.67  mg sulfur/g  adsorbent,  respec-
tively.  The  breakthrough  sulfur  adsorption  capacity  was  almost  regained  after  reductive  regeneration
of  spent  adsorbent.  The  obtained  results  suggest  that the method  applied  for  the  synthesis  of  Niy/MCM
resulted  in  formation  of  well-dispersed,  accessible  and  small  nickel  nanoparticles  incorporated  into  the
pores  of  MCM-41  which  might  be  an advantage  for adsorption  of refractory  sulfur  compounds  from  low
sulfur gas  oil.
. Introduction

MCM-41 is a mesoporous molecular sieve which formed from
he closely packed silica-coated micelles of a surfactant template
1,2]. Because of its unique structural and physical properties;
otably large surface area, tunable and large pore size, narrow
ore size distribution and high thermal stability [3–5], MCM-41
as attracted great attention in many fields such as catalysis [6],
eparation [7],  optics [8], medicine [9],  and desulfurization [10,11].
ut one of the main drawbacks of this material is its low activ-

ty in many reactions such as acid catalyst [4,6]. This low activity
an be overcome by functionalization of MCM-41 by organic and
norganic species such as metal nanoparticles, organometalic com-
lexes and enzymes [6].  There are many synthetic strategies for the
n situ or post-synthesis functionalization of mesoporous materi-
ls by metallic nanoparticles. In the former case, the most usual
ethod is doping of reaction mélange with metal salts [12–15].  In
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post-synthetic approach, the most common synthesis routes are I:
incipient wetness impregnation [16], II: ion exchange [17], III: equi-
librium adsorption [18], IV: metal complex immobilization [19], V:
vapor phase deposition [20] and VI: sonication [21–24].

One of the main applications of metal-containing mesoporous
silica is the desulfurization of transport fuels [25–27].  As a result
of increasingly stringent environmental regulations concerning the
sulfur content in transportation fuels and the heightened interest
for cleaner air, refiners are facing the inevitable reality that they
will soon need to produce clean automotive fuels with ultralow sul-
fur levels. The current hydrotreating technology has it difficult to
reduce the sulfur content in diesel to less than 10 ppmw, because
the remaining refractory sulfur compounds such as dibenzothio-
phene are not easy to remove [28,29]. Alternative methods such
as adsorptive desulfurization, oxidative and extractive desulfuriza-
tion, biodesulfurization, etc. are being developed in recent years to
produce ultra low sulfur fuels. Adsorptive desulfurization of gas oil

is a promising alternative to the conventional hydrodesulfurization
process used on a large scale in petroleum refining industry but in
most cases it cannot attain the ultra low sulfur content of below
10 ppmw [30]. Some efforts have been conducted for adsorptive
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esulfurization of gas oil using mesoporous silica and zeolite which
ere doped with nickel via a simple method, i.e., impregnation

31–33].
In this work, we report incorporation of nickel into the meso-

ores of MCM-41 material via a modified in situ method by
anipulation of solvent–solute interaction. This method results in

ormation of nickel nanoparticles inside the mesopores of MCM-
1 rather than random distribution of them throughout the wall
tructure of MCM-41 while structural order of the MCM-41 remains
lmost intact. Incorporation of nickel precursor (nickel acetylaceto-
ate) into the mesopores of MCM-41 leads to the controlled growth
f nanoparticles. After that, in order to investigate the capacity of
he synthesized samples for reducing the sulfur level in a commer-
ial gas oil for environmental protection, deep desulfurization is
onducted in a flow system using synthesized nickel-containing
CM-41 samples as adsorbent. The regeneration of the spent

dsorbent is also examined via reduction route by hydrogen gas.

. Experimental

.1. Materials and methods

All chemical compounds were purchased from Merck and used
s purchased without any purification.

The nickel acetylacetonate (Ni(acac)2) was dissolved in toluene
nd used as nickel precursor. In a typical synthesis, cetyltrimethyl-
mmonium bromide (CTAB) was dissolved in an appropriate
mount of deionized water and ethanol. While steering (at
00 rpm), the nickel precursor was added to the surfactant solution.
hen, ammonia solution and sodium acetate was added followed
y stirring for 30 min. About 90 vol.% of ethanol of solution was dis-
illed under vacuum at 50 ◦C. TEOS was added to the above solution
nd steered for 2.5 h. The obtained suspension was transferred into
he Teflon-lined stainless steel and autoclaved at 70 ◦C for 8 h. The
nal molar composition of the mixture was (1 + 5x) TEOS, 0.3 CTAB,
.5 sodium acetate, 1 ethanol, 14 NH3, 20 H2O, x Ni while x repre-
enting the molar ratio of Ni/Si in the corresponding sample. Then
he precipitate was filtered and washed with deionized water and
ried in oven at 70 ◦C over night. The synthesized samples calcined
t 500 ◦C under air for 5 h with a heating rate of 1 ◦C/min from room
emperature to 500 ◦C. The samples denoted as Niy/MCM where

 represents the percentage of nickel weight with respect to that
f MCM-41 in the corresponding sample. The quantity of y was
etermined by classical wet chemistry methods with an atomic
bsorption spectrometer.

.2. Desulfurization process

The feed stock was a commercial ultra low sulfur diesel (from
ehran refinery, Iran with sulfur concentration less than 1 ppmw)
hich was doped with 300 ppmw of 4-methyldibenzothiophene

MDBT). The effects of three effective factors, i.e., the concentra-
ion of nickel (3, 6 and 7 wt.%), temperature and flow rate were
nvestigated. The adsorption experiments were carried out at four
emperatures (25, 75, 150, 200 ◦C) and two flow rates (0.3 and

 ml/min) on the three synthesized adsorbents. A single-channel
owing adsorption device was used for both screening adsorbents
nd regenerating the spent adsorbents. A stainless steel column
ith an internal diameter of 4.6 mm and length of 250 mm was
sed. A tubular furnace was equipped for heat treatment, tempera-
ure maintenance and regeneration of spent adsorbent. A measured

uantity of adsorbent was packed in the column. Before feeding
he gas oil, the Niy/MCM (adsorbent) were heated up to 350 ◦C in
2 flow and then reduced in situ for 2 h using 50% H2 in N2 at a

ate of 20 ml/min. After the pretreatment, the temperature of the
ous Materials 192 (2011) 1667– 1674

adsorbent bed was reduced to 25 ◦C for the subsequent adsorption
experiments. Gas oil was sent into the adsorbent column by a HPLC
pump, at two  flow rates (0.3 and 1 ml/min). The effluent from the
top of the column was collected periodically analyzed via an ELE-
MENTAR Vario trace total sulfur analyzer. For the breakthrough test,
10 ppmw was taken as the criterion for the sulfur breakthrough.
Breakthrough sulfur adsorption capacity was  defined as the inte-
grated area between the breakthrough curve and the straight line,
representing the 10 ppm sulfur concentration of the feed. Similarly,
total sulfur adsorption capacity was  defined as the integrated area
between the breakthrough curve and the straight line, representing
the initial (300) ppm sulfur concentration of the feed.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded by a GBC MMA
diffractometer with beryllium-filtered Cu K� radiation (1.5418 Å)
operating at 35.4 kV and 28 mA.  Diffraction data were recorded
between 1 and 10◦ 2� with a resolution of 0.01◦ 2� with the scan
rate of 0.5 2�/min. The chemical analysis for the determination
of nickel concentration in synthesized samples was performed
with a PerkinElmer AAnalyst 400 spectrometer. Physisorption of
nitrogen was measured at −196 ◦C using a BELSORP-max sorp-
tometer. Prior to analysis the samples were outgassed in vacuo
for 4 h at 300 ◦C until a stable vacuum of 0.1 Pa was reached. Geo-
metrical (pressure independent) and BJH method was used for the
determination of pore diameter [34,35]. Temperature programmed
reduction and metal dispersion experiment were also carried out
using a BELSORP-max instrument. Prior to analysis, the samples
were outgassed as that applied for Nitrogen physisorption mea-
surement. Scanning electron micrographs were recorded using a
Zeiss DSM 962 (Zeiss, Oberkochen, Germany). The sample was
deposited on a sample holder with an adhesive carbon foil and sput-
tered with gold. Transmission electron microscopy was  performed
on a LEO Zeiss 912 AB. The samples were dispersed in ethanol and
sonicated for 15 min  and deposited on a copper grid before TEM
imaging. The total sulfur concentration was determined with an
ELEMENTAR Vario trace analyzer according to the ASTM D 5453.

3. Results and discussion

3.1. In situ synthesis

In situ incorporation of nickel nanoparticles into the mesopores
of MCM-41 was carried out by alternating of hydrophilic property
of synthesis medium which results in alternating solvent–solute
interaction. Herein, solvent attributed to surfactant solution and
solute referred to nickel precursor. Ni(acac)2 was  dissolved in
toluene and used as precursor (solute) because of its very low sol-
ubility in water. Ni(acac)2 dissolves inside the hydrophobic core
CTAB micelles. However, there is a considerable amount of ethanol
in synthesis medium, which can dissolve Ni(acac)2 outside the
micelles. About 90 vol.% of ethanol was distilled under vacuum
which reduced the hydrophobic property of solvent and so caused
diffusion of Ni(acac)2 from solution into the CTAB micelles. Briefly,
forming process of nickel nanoparticles in MCM-41 mesopores as
follows: by addition of TEOS, Ni(acac)2 was incorporated inside the
mesopores of (as-synthesized) MCM-41. Then, the organic part of
this complex as well as CTAB micelles, was burned out during cal-
cination under air. It is supposed that the Ni(acac)2 converts to
NiO nanoparticles inside the mesopores of MCM-41. The graphical

explanation is illustrated in Scheme 1.

In other words, decrease in the amount of ethanol decreases the
solubility of Ni(acac)2 outside the micelles. Additionally, due to the
room temperature synthesis and relatively low synthesis time, no
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MCM-41 with a larger pore diameter. The small peaks at high angle
XRD patterns of Ni3/MCM, Ni6/MCM and Ni7/MCM (Fig. 2b–d),
which can be indexed as (1 1 1), (2 0 0) and (2 2 0), relate to the
presence of nickel oxide in MCM-41. As expected the intensity
Scheme 1. Representation of in situ incorporation 

onsiderable leaching of the Ni(acac)2 was observed. The amount
f nickel in the final product was measured by elemental analysis.
epending on the Ni(acac)2 concentration in the initial synthe-

is solution, the 93–98 wt.% of added nickel (at the beginning of
ynthesis) was incorporated into MCM-41. The elemental analysis
or determination of nickel was performed by atomic absorption
pectrometry indicated that the samples Ni3/MCM, Ni6/MCM and
i7/MCM contain 2.94, 5.7 and 6.51 wt.%, respectively. As the con-
entration of precursor in the synthesis solution increased, its
ncorporation into MCM-41 partially decreased.

.2. XRD analysis

Low angle XRD patterns of calcined samples are shown in Fig. 1.
igh angle XRD patterns of the corresponding samples are also

llustrated in Fig. 2. It is well-known that the number of peaks and
heir intensity represent the long-range structural order of MCM-

1 [1–3]. Low angle diffractograms of parent MCM-41, Ni3/MCM
nd Ni6/MCM (Fig. 1a–c, respectively) exhibit intense d1 0 0 reflec-
ions with four small peaks located at the higher 2� values. The
ow angle X-ray diffractograms display that the intensity of d1 0 0

ig. 1. Low angle PXRD patterns of (a) parent MCM-41, (b) Ni3/MCM, (c) Ni6/MCM,
nd (d) Ni7/MCM.
el nanoparticles inside the mesopores of MCM-41.

reflections do not considerably decreased up to 6 wt.% of nickel
loading. This means that Ni3/MCM and Ni6/MCM preserved their
well-ordered hexagonal pore structure even after incorporation of
nickel nanoparticles within their mesopores. In case of Ni7/MCM
(Fig. 1d) the intensity of d1 0 0 reflection importantly decreased and
the higher reflections almost disappeared. This might be due to
the fact that CTAB micelles have a limited capacity for dissolving
Ni(acac)2. As the amount of loaded nickel increased the position of
d1 0 0 reflections, which was applied for the determination of unit
cell parameter, shift to lower 2� angles. This observation might be
due to the addition of Ni(acac)2, which can act as swelling agent and
increase the size of CTAB micelles. This phenomenon results in a
Fig. 2. High angle PXRD patterns of (a) parent MCM-41, (b) Ni3/MCM, (c) Ni6/MCM,
and (d) Ni7/MCM.
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Table 1
Textural properties of all samples synthesized with the following Ni/MCM weight
ratios: 0, 0.03, 0.06 and 0.07.

Sample SBET (m2/g)a Vt (cm3/g)b a (nm)c Wd (nm)d

MCM-41 1103 0.93 4.28 3.61
Ni3/MCM 1080 0.91 4.63 3.81
Ni6/MCM 1064 0.84 4.92 3.98
Ni7/MCM 215 0.33 5.10 2.50

a BET specific surface area.
b Total pore volume.

Fig. 5 illustrates the results of H2-1 TPR test on the Ni3/MCM,
Ni6/MCM and Ni7/MCM. As can be seen, each Ni3/MCM (Fig. 5a)
ig. 3. Nitrogen physisorption isotherms of (a) parent MCM-41, (b) Ni3/MCM, (c)
i6/MCM, and (d) Ni7/MCM. The isotherms for (b)–(d) are vertically offset by 100,
00 and 300 cm3 (STP) g−1, respectively.

f diffraction peaks due to nickel oxide amplified slightly as the
mount of nickel increased.

.3. N2 physisorption

Fig. 3 demonstrates the nitrogen physisorption isotherms
f parent MCM-41, Ni3/MCM, Ni6/MCM and Ni7/MCM. Parent
CM-41, Ni3/MCM and Ni6/MCM (Fig. 3a–c) exhibit the type IV

sotherm, which is the typical characteristic of mesoporous mate-
ials. However, while Ni7/MCM represents an isotherm which
s more or less similar to type IV, its shape is extremely dis-
orted. Nitrogen adsorption at low pressures is usually assigned
o monolayer–multilayer adsorption of nitrogen on the surface
f sample (both on the external surface and inside the meso-
ores) which is proportional to surface area of corresponding
ample. The specific surface area was calculated from the linear part
f the BET (Brunauer–Emmett–Teller) equation (P/P0 = 0.05–0.23)
iven in Table 1. The BET surface area of Ni3/MCM and Ni6/MCM
re comparable to that of parent MCM-41. At higher relative
ressure a sudden steep increase of the amount of adsorbed
itrogen is observed which is due to the capillary condensation
f nitrogen inside the mesopores.

In case of parent MCM-41, Ni3/MCM and Ni6/MCM, filling of the
esopores takes place over a fairly narrow range of relative pres-

ure. This happening indicates that the mesopores have both high
tructural order and uniform size. Pore size distributions (BJH) of all

amples are illustrated in Fig. 4. As can be seen in Fig. 4a–c, parent
CM-41, Ni3/MCM and Ni6/MCM have narrow pore size distri-

utions. Another indication for this statement is the fact that the
esorption branch of the isotherm around capillary condensation
c Unit cell parameter obtained from XRD diffractograms (2d1 0 0/
√

3).
d Pore diameter (nm) calculated by geometrical (pressure independent) method.

step nearly coincides with the adsorption branch, which reveals
the reversible nitrogen adsorption inside the mesopores. Further-
more, this reversible behavior suggests that most pores within the
samples are open pores, connected directly to the surface of the
MCM-41 and so are accessible for the guest molecules such as nitro-
gen. This means that no significant pore blocking was occurred by
incorporated nickel nanoparticles in mesopores of MCM-41 even
at high nickel loadings (Ni6/MCM).

The presence of toluene, which acts as swelling agent causes no
significant structural disordering, which implies that an appropri-
ate approach was applied for incorporation of nickel nanoparticles
into MCM-41. However, the height of the capillary condensa-
tion/evaporation step slightly decreased as the amount of loaded
nickel increased. In other words, the mesopore volume decreased
slightly as the amount of nickel increased (Table 1).

Fig. 3d, related to the Ni7/MCM, shows that the shape of the
isotherm (in capillary condensation/evaporation step) broadened.
This phenomenon is caused by high loading of nickel which results
in severe shrinkage of hexagonal structure. Fig. 4d also indicates
the broad pore size distribution of this sample. These results are
in agreement with those found from the low angle XRD patterns
(Fig. 1d). The textural properties of all samples are given in Table 1.

3.4. H2-TPR measurement
Fig. 4. Pore size distributions of (a) (brown curve) parent MCM-41, (b) (green)
Ni3/MCM, (c) (red curve) Ni6/MCM, (d) (blue curve) Ni7/MCM that obtained from
BJH  (desorption branch) method. (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of the article.)
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ig. 5. Temperature programmed reduction curves of (a) Ni3/MCM, (b) Ni6/MCM
nd (c) Ni7/MCM.

nd Ni6/MCM (Fig. 5b) shows two major reduction peaks that begin
rom ca. 200 ◦C and 327 ◦C, respectively.

As expected, Ni6/MCM absorbed a higher amount of hydrogen
han Ni3/MCM. In the case of Ni7/MCM, this behavior was reversed.

n other words, Ni7/MCM (Fig. 5c) shows a weaker reduction peak
han Ni3/MCM and Ni6/MCM. An explanation might be that this
eduction is due to the distortion of the hexagonal mesopores of
i7/MCM. A suggestion might be that the distortion hexagonal

ig. 6. TEM images of (a) parent MCM-41, (b) Ni3/MCM, (c) Ni6/MCM, and (d) Ni7/MCM
anoparticles.
ous Materials 192 (2011) 1667– 1674 1671

mesopores leads to the formation of dead pores rather than open
pores and consequently nickel nanoparticles, which incorporated
into these dead pores, become inaccessible for hydrogen molecules.

In the case of 3 and 6 wt.% loading of nickel, loss of the pore
ordering was not considerably occurred as compared to pure MCM-
41 and three reflections (in XRD diffractograms) of the hexagonal
structure are discerned. Increasing the Ni(acac)2/toluene loading
to 7 wt.% also causes a significant broadening and weakness of the
(1 0 0) reflection as expected for the addition of swelling agents.
This might be due to the fact that CTAB micelles have limited capac-
ity for dissolving the Ni(acac)2 and toluene. As a result, cylindrical
shape of CTAB micelles was  distorted and the final MCM-41 product
had very disordered structure.

From hydrogen chemisorptions experiments, metal dispersion
(fraction of active surface metal atoms) of 33%, 29% and 6% were
measured for Ni3/MCM, Ni6/MCM and Ni7/MCM, respectively. This
means that considerable quantities of nickel nanoparticles are
accessible for hydrogen molecules in Ni3/MCM, Ni6/MCM while,
many of them are out of reach of hydrogen molecules in the case
of Ni7/MCM.

3.5. TEM imaging

Transmission electron microscopy was performed on parent
MCM-41, Ni3/MCM, Ni6/MCM and Ni7/MCM for direct elucida-
tion of the hexagonal array of mesopores as well as position of
nickel nanoparticles. TEM images of all samples are shown in Fig. 6.
Fig. 6a provides side view of mesopores of parent MCM-41. It can

be seen that the nickel nanoparticles (dark points) were embedded
within the mesopores (Fig. 6b). However, as the amount of nickel
increased (Fig. 6c) the nanoparticles merged together and formed
larger nanoparticles.

. The scale bar represents 32 nanometers. Dark points related to the nickel oxide
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Fig. 6d shows that the hexagonal structure got extremely
amaged, as the amount of nickel reached to 7 wt.% (Ni7/MCM).
dditionally, the size of nickel nanoparticles increased and their
ispersion decreases. This occurrence might be due to the lack of
indrance effect of broken hexagonal mesopores. This observation

urther supports the weaker reduction peak of nickel nanoparticles
Fig. 5c) in chemisorption experiment.

.6. Desulfurization

As mentioned in Section 2, the effect of three parameters, i.e.,
ickel concentration, temperature and feed flow rate on desulfu-
ization process was examined. For the investigation of the effect
f nickel concentration on the desulfurization process, the break-
hrough sulfur adsorption capacity and the total sulfur adsorption
apacity (integrated area between the breakthrough curve and the
ashed line, representing the initial sulfur concentration of the
eed) of three synthesized MCM-41 samples, which contained dif-
erent amounts of nickel were determined at 150 ◦C and 0.3 ml/min
ow rate of feed. The results are shown by the bar chart in Fig. 7.
i7/MCM has the lowest breakthrough and total sulfur adsorption
apacity, which is due to the inaccessibility of nickel nanoparticles
or MDBT molecules. This might be caused by damage of ordered

esopores of MCM-41 which results in confinement of a large
umber of nickel nanoparticles in the dead pores. Their size was
lso increased which was expected to be a drawback for MDBT
dsorption.

As can be seen, the breakthrough sulfur adsorption capacity of
i6/MCM is higher than twice that of Ni3/MCM (0.56 > 0.26 × 2). In

he case of total sulfur adsorption capacity, this relation is inversed.
n other words, total sulfur adsorption capacity of Ni6/MCM is twice
maller than that of Ni3/MCM (1.55 < 0.81 × 2). This small differ-
nce between the breakthrough sulfur adsorption capacity and the

otal sulfur adsorption capacity might be attributed to the large
ize of the MDBT molecule. We  suggest that although the pore
ize of MCM-41 is large, at the beginning of adsorption, a lot of

ig. 7. Breakthrough sulfur adsorption capacities (green bars) and total sulfur
dsorption capacities (red bars) of Niy/MCM with three different nickel concentra-
ions at 150 ◦C (gas oil containing 300 ppmw sulfur was used as feed solution). (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of the article.)
ous Materials 192 (2011) 1667– 1674

MDBT molecules are rapidly adsorbed on the nickel nanoparti-
cles near the pore entrance so the breakthrough sulfur adsorption
capacity of Ni6/MCM becomes greater than that of Ni3/MCM. After
that, when the adsorption of MDBT proceeds, a small number of
those nickel nanoparticles, which are located deep inside far from
the entrance, are not accessible to the MDBT molecules. How-
ever as mentioned above, the pore blockage is not considerable,
because the difference between the breakthrough sulfur adsorp-
tion capacity and the total sulfur adsorption capacity is small. Based
on these results, Ni6/MCM was selected as the best adsorbent for
the following adsorption experiments in order to investigate its
adsorption capacity at various temperatures and flow rates. As the
boiling range of feed was  220–370 ◦C, the maximum adsorption
temperature was limited to 200 ◦C to minimize the loss of feed by
vaporization.

Figs. 8 and 9 illustrate the sulfur adsorption capacity of Ni6/MCM
at 1 and 0.3 ml/min feed flow rates, respectively. As the flow rate of
the feed decreased, the sulfur adsorption capacity increased. This
might be explained by the higher contact time between the feed
and the adsorbent.

The effect of temperature was  also investigated in both flow
rates. As can be seen in Figs. 8 and 9, at 25 ◦C, the sulfur break-
through occurred instantly after the feed solution was eluted,
and the sulfur concentration in the effluent increased rapidly.
This occurrence was observed in both flow rates which might
be deduced that no significant adsorption was occurred at room
temperature. As the temperature of absorption increased, the sulfur
breakthrough was  occurred later. This behavior was  also observed
at both flow rates.

The latest sulfur breakthrough volume, obtained at 200 ◦C and
0.3 ml/min flow rate of feed, was  about 5.4 ml/g (Fig. 9, red curve).
The enhanced adsorption of MDBT at higher temperatures strongly
suggests that the major interaction involved between the nickel

incorporated MCM-41 and the MDBT should be chemisorption or
reactive adsorption [36]. In addition, a lower flow rate (0.3 ml/min)
results in a later sulfur breakthrough. This phenomenon was
expected due to the fact that as the flow rate decreased, the contact

Fig. 8. Breakthrough curves for the adsorptive desulfurization of gas oil containing
300 ppmw sulfur over Ni6/MCM at 1 ml/min flow rate of feed and four different
temperatures as follow: 25 ◦C (brown curve), 75 ◦C (blue curve), 150 ◦C (green curve)
and 200 ◦C (red curve). Dashed line at the top of the chart indicates the initial sulfur
concentration of feed and the dotted line at the bottom of the chart indicates the
sulfur breakthrough (10 ppmw). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)
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Fig. 9. Breakthrough curves of Ni6/MCM at 0.3 ml/min flow rate of feed and four
different temperatures as follow: 25 ◦C (brown curve), 75 ◦C (blue curve), 150 ◦C
(green curve) and 200 ◦C (red curve) (gas oil containing 300 ppmw sulfur was used
as  feed solution). Dashed line at the top of the chart indicates the initial sulfur con-
centration of feed and the dotted line at the bottom of the chart indicates the sulfur
b
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Fig. 10. Breakthrough curves for the adsorptive desulfurization of gas oil contain-
ing 300 ppmw of sulfur at 200 ◦C over a regenerated Ni6/MCM adsorbent (treated
at  500 ◦C in flowing hydrogen gas for 2 h) at four cycles (red, blue, green and red
curves corresponded to first, second, third and forth cycles, respectively). Dotted
line  at the bottom of the chart represents the sulfur breaktrough (10 ppmw). (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)

was comparable with the parent MCM-41. Nickel nanoparticles
reakthrough (10 ppmw). (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

ime between the feed and adsorbent increased. This increasing in
he contact time results in higher sulfur removal capacity. Addi-
ionally, the value of the sulfur breakthrough was considerable,
ontrasting with the quantity of nickel loaded into mesoporous
ilica (6 wt.%). This occurrence might be an indication of a high
ispersion of nickel nanoparticles inside the mesopores of MCM-
1 and proper accessibility of them for MDBT molecules without
ignificant pore blocking during adsorption so, this seems to be
he main reason for substantial breakthrough sulfur adsorption
apacity. Furthermore, direct interaction of sulfur atom with nickel
anoparticles is the main interaction in adsorptive desulfurization.
he smaller size of nanoparticles can improves the selectivity of
dsorbent for removal of a refractory sulfur compound with high
teric hindrance and high molecular weight, i.e., MDBT. Thus, a
roper synthesis approach which results in incorporation of well-
ispersed as well as small nickel nanoparticles into the MCM-41,
an strongly enhance the capacity of adsorbent toward adsorptive
esulfurization. The total sulfur adsorption capacity and break-
hrough sulfur adsorption capacity which obtained in this work
s higher than those analogous methods which carried out with
ickel-doped mesoporous silica (obtained via wet impregnation
f mesoporous silica) with similar metal loadings [34,35]. We  can
uggest that one of the main reasons for higher sulfur adsorption
apacity might be the suitable method which applied for incorpo-
ation of nickel nanoparticles into MCM-41.

Upon the results obtained from the H2-TPR experiments, the
eductive regeneration of the spent adsorbent was performed by
owing hydrogen at 500 ◦C for 2 h.

Fig. 10 displays the breakthrough curves of the regenerated
dsorbent in four cycles, indicating that the adsorption perfor-
ance can be recovered by the regeneration. To understand the

oss of nickel content of Ni6/MCM after four times regeneration,

he sample was analyzed using atomic absorption spectrometry. No
ickel was detectable by this method. However, the lack of decreas-

ng of breakthrough sulfur adsorption capacity indicates that nickel
Fig. 11. PXRD pattern of Ni6/MCM after four times of regeneration and desulfuriza-
tion.

leaching was not taken place even after four times regeneration.
Figure also indicates the XRD pattern of Ni6/MCM after four times
regeneration and desulfurization. Presence of four diffraction peaks
implies that the well-ordered hexagonal structure of Ni6/MCM was
almost preserved (Fig. 11).

4. Conclusion

In the present work, nickel nanoparticles were incorpo-
rated inside the mesopores of MCM-41 via a modified in situ
approach. The selection of a hydrophobic complex, i.e., Ni(acac)2
as nickel precursor was  a key factor toward incorporation of
nickel nanoparticles inside the mesopores of MCM-41 by manip-
ulation of solvent–solute interaction in synthesis medium. Three
nickel-containing samples were characterized with powder XRD,
nitrogen physisorption, temperature programmed reduction, TEM
and atomic absorption spectrometry. The results showed that the
samples had 3 wt.% and 6 wt.% of nickel and preserved their well-
ordered hexagonal structure. Additionally, their BET surface area
were formed and evenly distributed into the mesopores of MCM-41
and did not cause considerable pore blocking. It is proved that syn-
thesized samples might be used for adsorptive desulfurization of
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as oil contains 300 ppmw of refractory sulfur compound (MDBT).
hree Niy/MCM samples exhibited different adsorption capacities
or sulfur removal, which depends not only on the concentra-
ion of nickel but also on their textural properties. The highest
reakthrough sulfur adsorption capacity obtained at 200 ◦C and
.3 ml/min flow rate of feed, was 0.69 mg/g for the Ni6/MCM. The
egenerated Ni6/MCM (reduced at 500 ◦C with hydrogen) showed
lmost the same breakthrough sulfur adsorption capacity even after
our cycles of regeneration. The substantial adsorption capacity
f the synthesized samples in spite of their low nickel quantity
ight be related to the proper approach applied for the synthesis

f samples which results in the formation of small and well-
ispersed nickel nanoparticles inside the mesopores of MCM-41.
s the smaller size of nanoparticles, the higher adsorption capac-

ty toward refractory sulfur compounds like MDBT. This is due
o both the increase in the number of active sites for adsorption
nd also the decrease of space hindrance during the interaction of
ickel nanoparticles with sulfur atoms that are surrounded by ben-
ene and methyl groups in MDBT molecules. Substantial adsorption
apacity of synthesized samples for sulfur removal imply that
ppropriate route was applied for the incorporation of nickel into
esoporous silica which results in well-dispersed and, accessi-

le and small nanoparticles incorporated into MCM-41. It is well
nown that easy and complete regeneration of the adsorbent is of
ital importance for adsorptive desulfurization. The spent adsor-
ent was also recovered its adsorption capacity even after four
ycles of reductive regeneration.
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