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a b s t r a c t

A high-performance nickel-based sorbent was developed by loading nickel on a mesoporous molecular
sieve, MCM-48, for adsorptive desulfurization (ADS) of commercial ultra low sulfur diesel (ULSD) for
fuel cell applications. The prepared sorbents were characterized by the N2 adsorption–desorption, X-ray
diffraction (XRD), H2 chemisorption, and transmission electron microscope (TEM), and the ADS perfor-
mance was evaluated in a fixed-bed flow sorption system at 220 ◦C using a commercial ULSD with a
sulfur content of 14.5 ppmw. Effects of the ultrasonic aid in incipient wetness impregnation (IWI), nickel
loading amount and support materials on the sorbent performance were examined. It was found that
the incipient wetness impregnation with the ultrasonic aid improved significantly the ADS performance
of the sorbent by increasing the dispersion of nickel on the surface. Using MCM-48 as a support with
ibenzothiophene
esoporous silica
ickel

20 wt% nickel loading (Ni20/MCM-48) can lead to an excellent nickel-based sorbent with a breakthrough
capacity of 2.1 mg-S/g-sorb for ADS of the ULSD at a breakthrough sulfur level of 1 ppmw. The alkyl
dibenzothiophenes are likely adsorbed on the sorbent surface directly through an interaction between
the sulfur atom and the exposed nickel atoms, and a part (∼6%) of the adsorbed alkyl dibenzothiophenes
react further with the surface nickel to release the corresponding hydrocarbons. The desulfurization reac-
tivity of the alkyl dibenzothiophenes is dependent on not only the number, but also the size of the alkyl

6-po
substituents at the 4- and

. Introduction

Ultra-deep desulfurization of transportation fuels, such as
iesel, gasoline, and jet fuel, has attracted a great deal of atten-
ion because of not only the stringent fuel specifications for the
ransportation fuels, but also the severe requirement of liquid
ydrocarbon fuels with sulfur content less than 1 ppmw for fuel
ell applications [1–6]. The current commercial ultra-low sulfur
iesel (ULSD) with sulfur content less than 15 ppmw is a preferred
uel for the on-site and on-board fuel cell applications due to its
igh energy density, availability, safety and ease for production,
elivery and storage by using the existing infrastructures. How-
ver, even in ULSD, in which the sulfur content is usually more than
0 ppmw, the sulfur content is still too high to be directly fed to the
uel processor to produce hydrogen for fuel cell applications [4,7,8]

specially for the proton exchange membrane fuel cell (PEMFC) [5],
s the sulfur compounds and H2S produced from them in the fuel
rocessor poison the reforming and water–gas-shift catalysts as
ell as the fuel cell stacks.

∗ Corresponding author. Tel.: +1 814 863 8744; fax: +1 814 863 7432.
E-mail addresses: mxx2@psu.edu (X. Ma), csong@psu.edu (C. Song).

926-3373/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcatb.2010.11.014
sitions of alkyl dibenzothiophenes.
© 2010 Elsevier B.V. All rights reserved.

Currently, the sulfur removal from various liquid hydrocarbon
streams is conducted by the catalytic hydrodesulfurization (HDS)
process at 300–400 ◦C and 3–6 MPa hydrogen pressure with high
hydrogen consumption in refineries. According to our previous
study [2,9], if reducing the sulfur content in the current commer-
cial ULSD from 15 ppmw to less than 1 ppmw by using the current
hydrotreating technology, the catalyst bed volume or the cata-
lyst activity must be about 68% higher than that currently used in
refineries, as the remaining sulfur compounds in the commercial
ULSD are the most refractory sulfur compounds. As is well known,
the increase in both volume of the high-temperature and high-
pressure reactor and the catalyst amount is very costly. Working
at high temperature and high pressure also limits the usage of the
HDS process in the on-site and on board desulfurization due to the
complication and safety of the process. Therefore, it is desired to
develop a novel technology for ultra-deep desulfurization of ULSD
for fuel cell applications.

Many new approaches for ultra-deep desulfurization of liq-

uid hydrocarbon fuels have been reported in the literature [1–3].
Among them the adsorptive adsorption on the nickel-based sor-
bents is promising and has attracted a great deal of attention
due to the high capacity and selectivity without using hydrogen
gas [10–19]. The nickel-based sorbent, such as Raney–Nickel, has

dx.doi.org/10.1016/j.apcatb.2010.11.014
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:mxx2@psu.edu
mailto:csong@psu.edu
dx.doi.org/10.1016/j.apcatb.2010.11.014


alysis

b
[
e
t
f
l
s
c
3
t
o
s
b
a
[
b
S
d
f
w
o
H
f
t
s
i
d

f
d
i
o
a
t
b
u
o
n
f
w
X
t
A
f
t
f

2

2
s

r
r
t
(
(
f
a
a
(

c
a

followed by purging with high-purity argon (Ar). After the sample
C. Sentorun-Shalaby et al. / Applied Cat

een used for desulfurization in organic synthesis for a long time
10,20,21]. Ma et al. reported that the nickel-based sorbent was very
fficient in selective removal of some sulfur compounds, such as
hiophene, benzothiophene and their alkyl substituted derivatives,
rom gasoline [11,13]. Velu et al. studied the desulfurization of the
ight JP-8 with 380 ppmw of sulfur at 220 ◦C on a Ni/SiO2–Al2O3
orbent with Ni loading of 55 wt% [12], and got a breakthrough
apacity of 13.5 mg-S/g-sorbent at a breakthrough sulfur level of
0 ppmw. Kim et al. found that the lower sorption selectivity of
he Ni/SiO2–AlO2 sorbent for 4,6-DMDBT than DBT, and pointed
ut that the alkyl groups at 4- and/or 6-positions have strong
teric hindrance toward the sorption [14]. A study reported later
y Hernández et al. [18] in desulfurization of a model fuel over
Ni/SiO2–Al2O3 sorbent also supports the finding by Kim et al.

14]. In order to improve the sorption performance of the nickel-
ased sorbents, Ko et al. and later Park et al. reported using the
BA-15-supported nickel sorbent with different nickel loadings for
esulfurization of a commercial diesel fuel with 240 ppmw of sul-
ur [15,16]. They found that the SBA-15-supported nickel sorbent
ith 30 wt% of Ni loading gave the best breakthrough capacity

f 1.7 mg-S/g-sorbent at a breakthrough sulfur level of 10 ppmw.
owever, when using the same SBA-15-supported nickel sorbent

or desulfurization of a commercial ULSD with 11.7 ppmw of sulfur,
hey found that the breakthrough capacity was only 0.47 mg-S/g-
orbent. Thus, the capacity of the nickel based sorbent needs to be
mproved for the practical application in the on-board and on-site
esulfurization of ULSD for fuel cell systems.

The objective of the present study is to improve the ADS per-
ormance of the nickel-based sorbents for ULSD by increasing the
ispersion of nickel in the nickel-based sorbent, and get better

nsight into the ADS mechanism of the refractory sulfur compounds
n the sorbent. Different mesoporous molecular sieves (SBA-15
nd MCM-48) and ultrasonic aid technique were used to increase
he nickel dispersion. The ADS performance of the prepared sor-
ents was evaluated in a fixed-bed flow sorption system at 220 ◦C
sing a commercial ULSD with sulfur content of 14.5 ppmw. Effects
f the ultrasonic aid in the incipient wetness impregnation (IWI),
ickel loading amount and support materials on the ADS per-

ormance of the sorbents were examined. The prepared sorbents
ere characterized by the N2 adsorption–desorption at −196 ◦C,
-ray diffraction (XRD), H2 chemisorption, and transmission elec-

ron microscope (TEM), and the results were correlated with their
DS performance. The ADS selectivity and mechanism for the sul-

ur compounds on the nickel-based sorbent were also discussed on
he basis of the detailed analysis of the sulfur compounds and the
ormed hydrocarbons in the treated fuels.

. Experimental

.1. Preparation of mesoporous-molecular-sieve-supported Ni
orbents

The SBA-15 was synthesized according to the procedure
eported by Wang et al. [22,23] based on the method initially
eported by Zhao et al. in 1998 [24]. Typically, a homogeneous mix-
ure, which was composed of triblock copolymer Pluronic of P123
EO20PO70EO20, MW = 5800, Aldrich) and tetraethyl orthosilicate
TEOS) in hydrochloric acid, was stirred at 40 ◦C for 20 h, and then
urther treated at 100 ◦C for 24 h. The solid product was filtered
nd washed with plenty of water, dried in an oven at 100 ◦C,

nd subsequently calcined at 550 ◦C for 6 h under an air flow
100 ml/min).

MCM-48 was prepared from a mixture with the following gel
omposition: 1.0 SiO2:0.5 NaOH:0.65 CTAB:62 H2O:0.1 NH4F using
similar procedure as described in the literature [25]. The resulting
B: Environmental 101 (2011) 718–726 719

mixture was transferred into Teflon-lined stainless steel auto-
clave and crystallized at 120 ◦C for 1 day. The solid product was
recovered by filtration, washed and dried at 120 ◦C overnight,
and subsequently calcined at 550 ◦C for 6 h under an air flow
(60 ml/min). The mesoporous-molecular-sieve-supported nickel
sorbents were prepared using an incipient wetness impregnation
(IWI) method. Tetrahydrofuran (THF) was used as a solvent to
prepare the Ni(NO3)2 solution, as reported by Ko et al. [15,26].
The desired amount of Ni(NO3)2·6H2O was dissolved in THF, and
the solution was slowly added into the support material at room
temperature under the mechanical stir or with ultrasonic aid in a
VWR-Model 75T ultrasonic bath. For the ultrasonic aid case, after
adding the solution, the mixture was kept in the ultrasonic bath for
3 h at room temperature. The mixture was then dried in an oven
at 100 ◦C overnight. The dried samples were then reduced in situ
in a fixed-bed reactor under a pure hydrogen gas flow at 550 ◦C for
4 h before use. The resultant samples were donated as Nix/SBA-15,
and Nix/MCM-48, where x indicates the loading amount of nickel
as metal in weight percentage (wt%).

All chemicals that were used in the preparation of the sor-
bents, including Pluronic (P123) (Mn: 5800), TEOS with a purity
of 98%, THF with a purity of 99%, hydrochloric acid solution (HCl)
with a purity of 37%, Cab-O-SilM5, tetramethyl ammonium silicate
(TMAS), sodium silicate (SS) with a purity of 14% NaOH, 27% SiO2,
cetyltrimethylammonium bromide (CTAB), NH4F with a purity of
99.99%, and nickel nitrate hexahydrate (Ni(NO3)2·6H2O), were pur-
chased from Sigma–Aldrich (Allentown, PA), and were used as
received without further purification.

2.2. Characterization of sorbents

The nitrogen adsorption–desorption at −196 ◦C was con-
ducted using a Micromeritics ASAP2020 instrument. Samples were
degassed for 3 h at 400 ◦C under vacuum (P < 10−2 Pa) and subse-
quently analysed. The specific BET surface areas were determined
from the N2 adsorption at relative pressures of 0.05 < P/P0 < 0.3.
The pore size distribution (PSD) was calculated from the adsorp-
tion branch of the N2 physisorption isotherms employing the
Barret–Joyner–Halenda (BJH) formula [27]. The total pore volumes
(VTotal) were estimated from the volume of N2 (as liquid) held at a
relative pressure (P/P0) of 0.98.

Some prepared sorbents were further characterized by X-ray
diffraction (XRD) to get more structural information. XRD pat-
terns were recorded by using a Pad V (Scintag, Inc., Cupertino, CA;
currently Thermo Scientific) with CuK�1 radiation (� = 1.54056 Å).
X-ray diffraction patterns were collected in a continuous mode over
two separate 2–� ranges using different scan speeds. At low angle
region, 0.5–6◦, 2–� scan was collected at a scan speed of 1 ◦/min, and
at high angle region, 20–70◦, 2–� scan was collected at a scan speed
of 2 ◦/min. The crystallite size of Ni on the sorbents was estimated
by Scherrer equation.

Transmission electron microscopy (TEM) was obtained by using
a JEOL EM-2010F with EDS from EDAX operating at accelerating
voltage of 200 kV. The samples were prepared by dispersing the
sorbent powder as slurry in acetone, which was then deposited
and dried on a lacey carbon film on a Cu grid.

The H2-chemisorption was performed using a Micromeritics
AutoChem II 2910 instrument. About 40 mg of the sample was first
pretreated in a quartz reactor under a pure H2 flow at 550 ◦C for 2 h
was cooled to 50 ◦C, a H2–Ar mixture with 5 vol% H2 was intro-
duced into the reactor. The consumption of H2 was monitored by
a thermal conductivity detector (TCD). The average particle size
of the supported nickel was also estimated on the basis of H2-
chemisorption data according to the literature [28].



720 C. Sentorun-Shalaby et al. / Applied Catalysis

Table 1
Composition and properties of ultra-low sulfur diesel (ULSD).

Specific gravity 0.8374
Distillation (◦C)
IBP 166
T50 260
FBP 346
Cetane number (engine rating) 49.7
Flash point (◦C) 63.9
Viscosity at 40 ◦C (cSt) 2.5
Pour point (◦C) −18
Cloud point (◦C) −12
Polycyclic aromatic hydrocarbon (GC–SFC, wt%) 6.9
Element analysis

C (wt%) 86.8
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tion method improved the desulfurization performance of the
Ni20/SBA-15, the two Ni20/SBA-15 sorbents prepared with and
without the ultrasonic aid were characterized by XRD. The XRD
patterns of the two samples are shown in Fig. 2 in comparison
with that of SBA-15. XRD peaks for metallic nickel in the Ni20/SBA-
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.3. Evaluation of ADS performance of sorbents

Evaluation of the ADS performance of sorbents was conducted
n a fixed-bed flow sorption system with a stainless steel col-
mn (4.6 mm I.D. × 150 mm length). About 0.8–1.1 g (depending
n the packing density of the sorbent) of the dried sorbent (before
eduction) was packed into a stainless steel column, and then was
educed in situ under a pure hydrogen flow at 550 ◦C for 4 h. When
he temperature of the column was decreased to the room tem-
erature under the hydrogen flow, the column was disconnected
o the system and sealed quickly. After weighting the sealed col-
mn to estimate the weight of the reduced nickel-based sorbent
y difference, the column was reconnected into the system for the
ubsequent ADS test. A commercial ULSD (or a model fuel) was fed
nto the column from the bottom by a HPLC pump. The adsorption
emperature for evaluation of the sorbents was set at 220 ◦C, as the
est temperature for ADS on the nickel-based sorbents was around
00–220 ◦C according to our previous studies [11–13]. The liquid
ourly speed velocity (LHSV) of 4.8 h−1 was used in the test. The
ffluent fuel from the top of the column was periodically sampled
t an interval of 15–20 min for analysis.

The ULSD with 14.5 ppmw total sulfur used in this study was
rom British Petroleum (BP). The composition and properties of the
LSD are listed in Table 1. A model fuel with 9.12 mmol/L of 4,6-
MDBT (corresponding to 400 ppmw of sulfur) and 9.12 mmol/L
f n-tetradecane as an internal standard in n-decane was pre-
ared and used in this study for test to determine the hydrocarbon
roducts from desulfurization of 4,6-DMDBT on the nickel-based
orbent. n-Decane (anhydrous, ≥99%), 4,6-DMDBT with a purity of
7% and n-tetradecane (≥99%) were purchased from Sigma–Aldrich
Allentown, PA), and were used as received without further purifi-
ation.

.4. Analysis of the treated ULSD and model fuel

The total sulfur concentration of the treated fuel samples was
nalysed by using ANTEK 9000 series sulfur analyzer. The sul-
ur compounds in the treated and un-treated fuels were analysed
y using a Hewlett-Packard gas chromatograph equipped with a
ulfur-selective pulsed flame photometric detector (GC–PFPD). A
ewlett Packard 5890 series II gas chromatograph with a capillary
olumn (XTI-5, Restek, bonded 5%, 30 m × 0.25 mm I.D. × 0.25 �m
lm thickness) and a split mode injector (ratio: 100:1) was used
ith ultra high-purity helium as a carrier gas. The oven tempera-
ure was initially set at 120 ◦C and ramped immediately at 6 ◦C/min
o 170 ◦C, followed by a ramp at 20 ◦C/min from 170 to 290 ◦C, and
eld at 290 ◦C for 5 min. The injection sample volume was 1 �L. The
emperature of both injector and detector in GC–PFPD analysis was
ept at 290 ◦C. The identification of the sulfur compounds was con-
B: Environmental 101 (2011) 718–726

ducted by comparison of the relative retention times with those
reported in the literature [29,30].

The identification of the hydrocarbon products from the desul-
furization of the model fuel on the nickel-based sorbent was carried
out by combination of the gas chromatography–mass spectrom-
etry analyses (GC–MS) and comparison of the retention times
with those of some standard hydrocarbon samples, such as 3-
methylbiphenyl (3-MBP), 3,3′-dimethylbiphenyl (3,3′-DMBP) and
3,4′-dimethylbiphenyl (3,4′-DMBP). The GC–MS analyzer consisted
of a Shimadzu GC-17A gas chromatograph coupled with a Shi-
madzu QP-5000 mass spectrometer. The gas chromatograph was
fitted with a fused silica capillary column (Rxi-5ms, 30 m × 0.25 mm
I.D. × 0.25 �m film thickness) purchased from Restek. The ultra high
purity helium was used as a carrier gas at a flow rate of 1 ml/min.
The quantification of the hydrocarbon products was conducted
by using a Hewlett-Packard gas chromatography equipped with a
flame ionization detector (FID) and the same capillary column with
n-tetradecane as an internal standard.

3. Results and discussion

3.1. Effect of ultrasonic aid on sorbent preparation

The sorbents with 20 wt% nickel on SBA-15 (Ni20/SBA-15) were
prepared by the IWI method with and without the ultrasonic aid.
Adsorptive performances of the two prepared Ni20/SBA-15 sor-
bents for desulfurization of the ULSD were evaluated at 220 ◦C and
4.8 h−1 LHSV in the fixed bed flow system. The breakthrough curves
of the ULSD over two Ni20/SBA-15 sorbents are shown in Fig. 1.
The breakthrough capacity of the Ni20/SBA-15 prepared by the
IWI method without the ultrasonic aid was only 0.43 mg-S/g-sorb
at a breakthrough sulfur level of 1 ppmw. This measured capacity
is similar to that (0.47 mg-S/g-sorb) of the best Ni/SBA-15 sorbent
reported by Park et al. for desulfurization of a ULSD with 11.7 ppmw
sulfur [16]. The shapes of the two breakthrough curves are also sim-
ilar. The breakthrough capacity of the Ni20/SBA-15 prepared by the
IWI method with the ultrasonic aid was increased to 0.98 mg-S/g-
sorb, which is about two times higher than that of the Ni20/SBA-15
without the ultrasonic aid and that of the Ni/SBA-15 prepared by
Park et al. [16].

In order to understand why the ultrasonic aid prepara-
0
0 50 100 150 200 250

Amount of fuel treated (g-F/g-A)

Fig. 1. Breakthrough curves of ULSD over Ni20/SBA-15 sorbents prepared with and
without ultrasonic aid. Sorption condition: 220 ◦C and 4.8 h−1 of LHSV.
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ig. 2. XRD patterns of SBA-15 and the reduced Ni20/SBA-15 sorbents prepared by
he IWI method with and without ultrasonic aid.

5 prepared with the ultrasonic aid are much broader than those
n with Ni20/SBA-15 without the ultrasonic aid, although the
wo samples had the same nickel loading. The particle size of
ickel crystallites estimated according to the XRD patterns was
.3 nm for the sample with the ultrasonic aid and 96 nm for the
ample without the ultrasonic aid. The two Ni20/SBA-15 samples
ere further characterized by the H2 chemisorption. The results

how that the surface Ni in the Ni20/SBA-15 without the ultra-
onic aid was only 0.0155 mmol/g, but in the Ni20/SBA-15 with
he ultrasonic aid was 0.0305 mmol/g. Both the XRD and the H2
hemisorption results indicate that the IWI method with the ultra-
onic aid can significantly improve the dispersion of nickel on the
esoporous SBA-15 surface. As a result, the desulfurization perfor-
ance of Ni20/SBA-15 was remarkably improved. Consequently, all
esoporous-molecular-sieve-supported nickel sorbents reported

elow were prepared by the IWI method with the ultrasonic aid.
In addition, XRD patterns of the synthesized SBA-15 and the

i20/SBA-15 with the ultrasonic aid in the low angle region were
lso measured, as shown in Fig. 3. XRD patterns confirm that the
ynthesized sample is really SBA-15. In comparison of XRD pat-
erns of the SBA-15 and the Ni20/SBA-15 with the ultrasonic aid,
he intensity of SBA-15 signal of the Ni20/SBA-15 is weaker than

hat of the synthesized SBA-15 sample, implying that the loaded
ickel was inside of the SBA-15 channels, which is consistent with
he estimated particle size (3.3 nm) of the nickel crystallites in the
i20/SBA-15.
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ig. 3. XRD patterns of the synthesized SBA-15 and the reduced Ni20/SBA-15 pre-
ared with ultrasonic aid in the low angle region.
Amount of fuel treated (ml-F/g-A)

Fig. 4. Breakthrough curves of ULSD over Ni/SBA-15 sorbents with different Ni-
loading. Sorption condition: 220 ◦C and 4.8 h−1 of LHSV.

3.2. Effect of nickel loading amount on desulfurization
performance

In order to examine the effect of the loading amount of nickel
on the desulfurization performance, four Ni/SBA-15 sorbents with
different nickel loading amounts of 7, 13, 20, and 31 wt% were
prepared by using the IWI method with the ultrasonic aid. The
ADS performance of the four Ni/SBA-15 sorbents as well as SBA-
15 for the ULSD was evaluated in the flow sorption system at
220 ◦C and 4.8 h−1 of LHSV. The breakthrough curves are shown
in Fig. 4. SBA-15 shows almost no capacity for sulfur in compar-
ison with Ni/SBA-15 sorbents, indicating that the nickel is a key
component that interacts directly with the sulfur compounds. As
it can be seen from Fig. 4, sorption capacities of Ni7/SBA-15 and
Ni31/SBA-15 sorbents are much lower than those of Ni13/SBA-15
and Ni20/SBA-15 sorbents at a breakthrough sulfur level of 1 ppmw.
The ADS capacity of the sorbents increases in the order of SBA-
15 � Ni7/SBA-15 < Ni31/SBA-15 < Ni13/SBA-15 ≈ Ni20/SBA-15. The
breakthrough capacities of the four Ni/SBA-15 as well as SBA-15
were estimated and the values are listed in Table 2. The ADS capac-
ity of Ni13/SBA-15 and Ni20/SBA-15 are 1.00 and 0.98 mg-S/g-sorb
which are significantly higher than others.

The MCM-48-supported nickel sorbents with the nickel loading
amount of 7, 13, 20, and 31 wt% were prepared by using the IWI

method with the ultrasonic aid. Their sorption performances for
desulfurization of the ULSD were evaluated in the flow sorption
system at 220 ◦C and 4.8 h−1 of LHSV. The breakthrough curves
for the four Ni/MCM-48 sorbents are shown in Fig. 5. The corre-

Table 2
The measured breakthrough capacities of sorbents at 220 ◦C and a breakthrough
sulfur level of 1 ppmw.

Sorbent Breakthrough capacities

mg-S/g-sorb mg-S/ml-sorb

SBA-15 0.01 0.001
Ni7/SBA-15 0.47 0.056
Ni13/SBA-15 1.00 0.120
Ni20/SBA-15 0.98 0.118
Ni31/SBA-15 0.60 0.072
MCM-48 0.02 0.004
Ni7/MCM-48 0.32 0.106
Ni13/MCM-48 0.82 0.271
Ni20/MCM-48 2.10 0.693
Ni31/MCM-48 0.55 0.182
Raney Nickel 0.19 0.352
Ni55/SiO2–Al2O3 0.41 0.314
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Fig. 6. TPR profiles of Ni20/MCM-48 and Ni20/SBA-15 samples before reduction.
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ticles with an average particle size about 2.5 nm in Ni20/MCM-48,
which is consistent with the crystal size (2.4 nm) based on the XRD
analysis. Since the average pore size of MCM-48 is around 2.7 nm
(see Table 4), the majority of the nickel particles should be in the

Table 3
Metal particle size estimated on the basis of XRD, H2 chemisorption and TEM
analyses.

XRD metal H2 chemisorption TEM metal
ig. 5. Breakthrough curves of ULSD over Ni/MCM-48 sorbents with different Ni-
oading. Sorption condition: 220 ◦C and 4.8 h−1 of LHSV.

ponding breakthrough capacities of the four Ni/MCM-48 sorbents
t a breakthrough sulfur level of 1 ppmw are also listed in Table 2.
he Ni7/MCM-48, Ni13/MCM-48 and Ni31/MCM-48 showed the
reakthrough capacity similar to the Ni/SBA-15 with the same
ickel loading. Interestingly, it was found that Ni20/MCM-48 gave
he highest breakthrough capacity of 2.1 mg-S/g-sorb among the
orbents prepared in this study, which is higher than that of
i13/SBA-15, the best Ni/SBA-15 sorbent obtained in this study,
y a factor of 2. With increasing nickel loading, the measured
reakthrough capacity increased firstly, and then decreased after
assing a maxima value. This trend is consistent with the finding
y Park et al. for Ni/SBA-15 and Ni/KIT-6. It seems that the contin-
ous increase in the nickel loading may cause the agglomeration of
he nickel particles and increase of the nickel crystallite size, thus
esults in the decrease of the active surface nickel atoms. It should
e mentioned that the best loading amount of nickel in this study is
3–20 wt% for SBA-15 and 20 wt% for MCM-48, while the best load-

ng amount of nickel in the study by Park et al. [16] is 30 wt% for
oth SBA-15 and KIT-6. The present study used the different diesel
uel and different sorbent preparation method may be the possible
easons. The further investigation is necessary to clarify it.

.3. Effect of the support materials

In comparison of the desulfurization performance of
i20/MCM-48 and Ni20/SBA-15 prepared in this study, the
reakthrough capacity of the former is about 2 times higher
hat of the latter, although both sorbents have the same nickel
oading. This indicates that the supports have a strong effect on
DS performance of the nickel-based sorbents. In order to clarify
hether the reduction conditions of 550 ◦C for 4 h in a pure H2
ow are good enough for reduction of all Ni in the sorbents, TPR of
he dry Ni20/MCM-48 and Ni20/SBA-15 samples was conducted,
nd the obtained TPR profiles are shown in Fig. 6. These results
ndicate that both Ni20/MCM-48 and Ni20/SBA-15 can be reduced
ompletely at 550 ◦C. The peak temperature of Ni20/MCM-48
ample for reducing the majority of nickel in it is lower than that
f Ni20/SBA-15 by about 20 ◦C, implying that the former is easier
o be reduced than the latter, probably due to the smaller particle
ize.

The XRD pattern of the Ni20/MCM-48 is shown in Fig. 7 in com-
arison with that of Ni20/SBA-15. The peak for nickel (1 1 1) in
i20/MCM-48 is broader than that in Ni20/SBA-15. According to
he XRD patterns, the estimated nickel crystal size for the former is
.4 nm and for the latter is 3.3 nm (see Table 3). It is clear that the
article size of nickel crystallites in Ni20/MCM-48 is significantly

ess than that in Ni20/SBA-15. The further characterization of these
2θ/degree

Fig. 7. XRD patterns of the reduced Ni20/SBA-15 and the reduced Ni20/MCM-48
sorbents prepared by IWI with ultrasonic aid.

two samples by the H2 chemisorption shows that the nickel dis-
persion in Ni20/MCM-48 is about 35%, which is significantly higher
than that of 21% in Ni20/SBA-15. The Ni particle size was also esti-
mated on the basis of the H2 chemisorption data. The estimated Ni
particle size was 2.7 and 4.7 nm for Ni20/MCM-48 and Ni20/SBA-
15, respectively, which is consistent with the results from the XRD
patterns and the TPR profiles. The results from both XRD and the
H2 chemisorption show that MCM-48 gave better dispersion of
nickel that SBA-15, although the estimated values from the H2
chemisorption are slight higher than those from XRD, as listed in
Table 3. Comparison of Ni20/MCM-48 and Ni20/SBA-15 indicates
that structure of the support material plays an important role in
determining the ADS performance of the nickel-based sorbents.

MCM-48 and Ni20/MCM-48 were also characterized by TEM.
The TEM images are shown in Fig. 8. Fig. 8a confirms the
three-dimensional branched network structure of the synthesized
MCM-48. Fig. 8b shows the uniform distribution of the nickel par-
particle
size (nm)

metal particle size
(nm)

particle
size (nm)

Ni20/SBA-15 3.3 4.7
Ni20/MCM-48 2.4 2.7 2.5
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a) and the reduced Ni20/MCM-48 (b).
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Fig. 8. TEM images of MCM-48 (

CM-48 channels, which results in the high dispersion of nickel on
he MCM-48 surface. The three dimension pore structure, less pore
ize and higher surface area of MCM-48, as shown in Table 4, may be
he reasons why the performance of Ni20/MCM-48 is much better
han that of Ni20/SBA-15, in which SBA-15 has the one-dimension
ore structure.

.4. Comparison of ADS performance of different nickel-based
orbents

For comparison, the ADS performance of a commercial Raney
ickel (Raney 2800 from Aldrich and a Ni/SiO2–Al2O3 with
ickel loading of 55 wt% (Ni55/SiO2–Al2O3) [12] was also eval-
ated at the same conditions. The breakthrough curves of the
aney Nickel and Ni55/SiO2–Al2O3 in comparison with those of
i20/SBA-15 and Ni20/MCM-48 sorbents are shown in Fig. 9.
he measured breakthrough capacities of the Raney Nickel and
i55/SiO2–Al2O3 are also listed in Table 2. The breakthrough capac-

ty on the basis of the sorbent weight increases in the order of
aney Nickel (0.19 mg-S/g-sorb) < Ni55/SiO2–Al2O3 (0.41 mg-S/g-
orb) < Ni20/SBA-15 (0.98 mg-S/g) < Ni20/MCM-48 (2.1 mg-S/g).
i20/MCM-48 gives the highest breakthrough capacity. If the

esults were compared on the basis of the sorbent volume, the order
f breakthrough capacity is changed to Ni20/SBA-15 (0.12 mg-
/ml-sorb) < Ni55/SiO2–Al2O3 (0.32 mg-S/ml-sorb) < Raney Nickel
0.35 mg-S/ml-sorb) < Ni20/MCM-48 (0.69 mg-S/ml-sorb), as the
acking densities of the sorbents are quite different. On the basis of
he sorbent volume the desulfurization performance of Ni20/MCM-
8 is still the best sorbent among them. According to the present

tudy, each kilogram of Ni20/MCM-48 is able to treat 170 L of the
ommercial ULSD with sulfur content of 14.5 ppmw to less than
ppmw at the outlet. The weight-based capacity of the Ni20/MCM-
8 developed in this study is higher than that of the state-of-the-art
ickel-based sorbent reported by Park et al. [16] by a factor of

able 4
orous properties of the nickel-based sorbents and initial supporting materials on the ba

Sample Surface area (m2/g) Total pore vol. (cm3/g)

MCM-48 1308 0.91
Ni20/MCM-48 503 0.32
SBA-15 889 1.24
Ni20/SBA-15 260 0.36
Raney Nickel 33 0.12
Ni55/SiO2–Al2O3 157 –
Fig. 9. Breakthrough curves of ULSD over Ni20/SBA-15, Ni20/MCM-48,
Ni55/SiO2–Al2O3, and Raney Nickel. Sorption condition: 220 ◦C and 4.8 h−1 of
LHSV.

more than 4, which significantly improves the performance of the
mesoporous-molecular-sieve-supported nickel sorbents for ADS of
ULSD.

In order to clarify further why Ni20/MCM-48 exhibited the much
better ADS performance than others, the H2 chemisorption on the
sorbents was conducted to measure the exposed nickel atoms in
the sorbents. Assuming that each exposed Ni atom chemisorbs one
hydrogen atom, thus the total number of the exposed Ni atoms
was estimated by the H2 chemisorption. The ADS breakthrough
capacity of the sorbents as a function of the total number of the

exposed nickel atoms in the sorbents is shown in Fig. 10. It clearly
shows that the ADS breakthrough capacity increases with increas-
ing the total number of the exposed Ni atoms. The results reveal
that a large number of the exposed nickel atoms in Ni20/MCM-48

sis of N2 adsorption–desorption at −196 ◦C.

Micro-pore vol. (cm3/g) Meso-pore vol. (cm3/g) Pore size (nm)

0.39 0.52 2.7
0.16 0.16 2.6
0.36 0.88 6.4
0.10 0.26 5.5
0.01 0.11 14.4
– – –
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the desulfurization selectivity of Ni20/MCM-48 decreases in the
order of 4-MDBT > 4,6-DMDBT ≈ 2,4,6-TMDBT > 4-E,6-MDBT ≈ 6-
ig. 10. ADS breakthrough capacity of the sorbents as a function of the total number
f the exposed nickel atoms in the sorbents.

ue to the high dispersion of nickel on MCM-48 results in the high
reakthrough capacity of Ni20/MCM-48. The correlation data also
uggest that each sulfur-containing molecule is adsorbed approx-
mately on the twenty exposed nickel atoms. This value is much
ower than the stoichiometry (from 0.48 to 1.09 for different crystal
aces of nickel) of the S atoms per exposed Ni atom when the nickel

urface is saturated by sulfur [31], indicating that the majority of
he exposed Ni atoms still remain intact after the breakthrough,
hich will be further discussed in the following section.
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Fig. 11. GC–PFPD chromatographs of initial ULSD and the desulfurize
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3.5. Sorption selectivity and mechanism

Relatively little information is available regarding the sorption
selectivity and mechanism on the nickel-based sorbents [17,19,32],
although the nickel-based sorbents have been reported for ADS
of liquid hydrocarbon fuels. In order to clarify the desulfurization
selectivity of Ni20/MCM-48 for various sulfur compounds in the
ULSD, the initial ULSD and the treated ULSD over Ni20/MCM-48
were analysed by GC–PFPD, and the sulfur compounds in them
were identified by comparison of the relative retention times
with those reported in the literature [29,30]. The GC–PFPD chro-
matograms of the initial ULSD and the treated ULSD with the
assigned peaks are shown in Fig. 11. The major sulfur compounds
in the ULSD with 14.5 ppmw sulfur are the alkyl DBTs with
two alkyl substituents at the 4- and 6-positions respectively,
such as 4,6-DMDBT, 4-ethyl,6-methyldibenzothiophene (4-
E,6-MDBT), 2,4,6-trimethyldibenzothiophene (2,4,6-TMDBT),
4,6-diethyldibenzothiophene (4,6-DEDBT) and 6-ethyl,2,4-
methyldibenzothiophene (6-E,2,4-DMDBT). This type of the
sulfur compounds have been reported to be the most refrac-
tory sulfur compounds in gas oil [9], and thus, remained in the
commercial ULSD.

It can be seen from the GC–PFPD chromatogram (Fig. 11)
of the treated fuel corresponding to the collected sample at
107 ml-fuel/g-sorb, the first breakthrough sulfur compound was
4,6-DEDBT. By comparison of the GC–PFPD peak area of the sul-
fur compounds in the treated and initial fuels, it appears that
E,2,4-DMDBT, > 4,6-DEDBT. It indicates that the desulfurization
selectivity is dependent not only on the number of the alkyl sub-
stitutes at the 4- and 6-positions, but also on the size of the alkyl

6.0 16.5 17.0 17.5 18.0 18.5 19.0

4-E,6-MDBT

2,4,6 -TMDBT

4,6 -DEDBT

6 -E,2,4 -DMDBT

 (min)

4,6-DEDBT

d ULSD samples over Ni20/MCM-48 at 220 ◦C, 4.8 h−1 of LHSV.
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ig. 12. The molar concentrations of the formed products and reactant 4,6-DMDBT
s a function of the effluent volume.

ubstituents at the 4- and 6-positions. The lowest selectivity for
,6-DEDBT among the all sulfur compounds in the ULSD can be
scribed to the two largest alkyl substituents (ethyl groups) at
he 4- and 6-positions, respectively. This finding strongly suggests
hat the sorption of the sulfur compounds on the nickel-based sor-
ents is directly through an interaction between the sulfur atom

n alkyl DBTs and the exposed nickel atom, and both the number
nd the size of alkyl substituents at the 4- and 6-positons have a
trongly steric hindrance toward such interaction. This steric hin-
rance increases the interaction distance between the S atom and
he nickel sites, resulting in a weaker interaction. Consequently,
nly the more exposed nickel atoms, such at those at the edges and
orners, may be able to interact with the sulfur, resulting in a lower
electivity of the nickel-based sorbents for the DBTs with strong
lkyl steric hindrance.

In order to understand further how the alkyl DBTs with the two
lkyl substituents at the 4- and 6-positons are removed from the
LSD, ADS of a model fuel with 9.12 mmol/l of 4,6-DMDBT in n-
ecane over Ni20/MCM-48 was performed at 220 ◦C and 4.8 h−1

HSV in the fixed-bed flow system. The formed products were iden-
ified by a combination of GC–MS analyses and comparison with
tandard samples, and quantified by GC–FID analysis. The major
roducts detected in the effluent were 3-MBP, 3,3′-DMBP and 3,4′-
MBP. The molar concentrations of the formed products and the

eactant 4,6-DMDBT as a function of the effluent volume are shown
n Fig. 12. No sulfur compounds were detected when the effluent
olume was less than 0.0195 l/g-sorb. The breakthrough capacity

or 4,6-DMDBT was about 0.18 mmol-S/g-sorb (or 5.8 mg-S/g-
orb), and the saturation capacity was about 0.28 mmol-S/g-sorb
or 9.0 mg-S/g-sorb). The total molar concentration of the alkyl
iphenyls was less than 0.8 mmol/l, which is much lower than the
olar concentration of 4,6-DMDBT in the initial fuel (9.12 mmol/l).

Fig. 13. Desulfurization pathways of
B: Environmental 101 (2011) 718–726 725

In comparison of the total molar number of the alkyl biphenyls in
the effluent and the total sorbed sulfur molar number, it was found
that the total molar number of the alkyl biphenyls in the effluent
was only 5.9% of the total sorbed sulfur molar number, indicat-
ing that about 94% of the removed 4,6-DMDBT molecules or the
formed hydrocarbon intermediates from them still stayed on the
nickel surface. This value is much higher than that (33%) for the
ADS of benzothiophene on a nickel-based sorbent even at 25 ◦C,
reported previously by Ma et al. [11]. This is also different from the
results observed by Hu et al., who found that thiophene molecules
interacted strongly with the metallic nickel on Raney Nickel surface
at −100 ◦C, and formed the surface nickel sulfides and released all
the hydrocarbon part at 220 ◦C [32]. A possible reason may be that
no steric hindrance of the alkyl substituents in thiophene and ben-
zothiophene allows a strong interaction between the sulfur and
the exposed nickel, which facilitates the S–C bond scission and
releases the corresponding hydrocarbon. The results imply that the
two methyl substituents at the 4- and 6-positions weaken remark-
ably the interaction between the sulfur atom and the exposed
nickel atoms, resulting in the significant diminution of the S–C
bond scission. Consequently, the 4,6-DMDBT molecules and/or the
hydrocarbon intermediates adsorbed on the exposed nickel surface
cover the nickel surface and block the way for contact of the sub-
sequent 4,6-DMDBT molecules with the nickel surface, resulting in
the low molar ratio of the sulfur to the exposed nickel, as mentioned
in the previous section.

The presence of 3-MBP and 3,3′-DMBP and 3,4′-DMBP in the
products implies that the sulfur atom in 4,6-DMDBT may be elimi-
nated by three pathways, as shown in Fig. 13: direct S elimination
(DE) from 4,6-DMDBT, isomerization of 4,6-DMDBT to form 3,6-
DMDBT followed by the S elimination from 3,6-DMDBT (IFE) and
demethylation of 4,6-DMDBT to form 4-MDBT followed by the S
elimination from 4-MDBT (DFE). The similar concentration of 3-
MBP and 3,3′-DMBP and 3,4′-DMBP detected in the effluent when
the treated volume of the model fuel was less than 0.01 l/g indicates
that the reaction rate for the three pathways was similar within this
time. After passing 0.01 l/g of the treated volume, the concentration
of 3-MDBT was significantly higher than others, suggesting that the
surface reaction through DFE became dominant.

By combination of the results from the ADS selectivity of
Ni20/MCM-48 for the different sulfur compounds in the ULSD and
ADS of 4,6-DMDBT on Ni20/MCM-48, it is clear that the sulfur com-
pounds are first adsorbed on the sorbent surface directly through an
interaction of the sulfur atom in the compounds with the exposed
nickel, and then, only a small part of the adsorbed sulfur compounds
(∼6%) react further with the surface nickel through DE, IFE and DFE

pathways to eliminate the sulfur atom by hydrogenolysis to form
the surface nickel sulfide and release the corresponding hydrocar-
bon part from the surface due to the steric hindrance of the alkyl
groups at the 4- and 6-positions. It should be mentioned that the
ADS was conducted in the absence of hydrogen gas, the required

4,6-DMDBT on Ni20/MCM-48.
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ydrogen for formation of the hydrocarbons may come from the
ickel surface or other hydrocarbons in the fuel. The results suggest
hat introducing hydrogen to the nickel surface should accelerate
he hydrogenolysis of the adsorbed sulfur compounds and release
f the corresponding hydrocarbon part, and thus, provide more
ccessible nickel atoms to interact with other sulfur compounds,
s also reported by Landau et al. [19].

In comparison of the ADS of the ULSD and the model fuel on
i20/MCM-48, the ADS breakthrough capacity of Ni20/MCM-48 for

he model fuel is about 5.8 mg-S/g-sorb, which is about 3 times
igher than that for the ULSD. In addition of the higher sulfur con-
entration in the model fuel, there may be other two reasons: (1)
he ULSD contains the more refractory sulfur compounds than 4,6-
MDBT in the model fuel, such as 4-E,6-MDBT 6-E,2,4-DMDBT,
nd 4,6-DEDBT which have larger size of the alkyl groups at the
- and/or 6-positions. (2) The ULSD contains 12 ppmw of nitrogen
ompounds, which has the same magnitude as the sulfur com-
ounds, and the nickel-based sorbents usually have the higher
electivity for the nitrogen compounds than for the sulfur com-
ounds, as reported in our previous study [14].

. Conclusions

A novel nickel-based sorbent for the reactive adsorption desul-
urization of commercial ULSD was developed by impregnation
f nickel precursor on a mesoporous silica, MCM-48. The sor-
ent preparation by the incipient wetness impregnation with the
ltrasonic aid improved the ADS performance significantly, as the
ltrasonic aid increased the dispersion of nickel on the support sur-
ace greatly. Using MCM-48 as a support with 20% nickel loading
Ni20/MCM-48) can lead to an excellent sorbent with a break-
hrough capacity of 2.1 mg-S/g-sorb at a breakthrough sulfur level
f 1 ppmw for sulfur removal from the commercial ULSD with
4.5 ppmw of sulfur. The correlation of the structure and perfor-
ance of the nickel-based sorbents shows that the exposed nickel

toms play an important role in determining their sorption capac-
ty. Study on the ADS mechanism indicates that alkyl DBTs are
dsorbed on the sorbent surface directly through an interaction
etween the sulfur atom in the sulfur compounds and the exposed
ickel atoms on the surface, and a part of the adsorbed alkyl DBTs
∼6%) react further with the metallic nickel through DE, IFE or
FE pathways to form the surface nickel sulfides and release the
orresponding hydrocarbon part from the surface. The desulfur-
zation reactivity of the alkyl DBTs on the nickel-based sorbents

s dependent not only on the number, but also on the size of the
lkyl substituents at the 4- and 6-positions of DBTs. Among all sul-
ur compounds in the ULSD, 4,6-DEDBT has the lowest reactivity,
hich can be ascribed to the largest steric hindrance of the two

thyl groups at the 4- and 6-positions.
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