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a b s t r a c t

This article presents a novel method for preparing NiW/USY–Al2O3 ultradeep hydrodesulfurization (HDS)
catalysts via combined citric acid-assisted hydrothermal dispersion of active metals and hydrothermal
modification of HY zeolite. The results showed that the citric acid-assisted hydrothermal method yielded
monomeric W species as W precursors that were well dispersed by the interaction between citric acid
and WO3 particles and were suitably stacked by the preferential interaction between citric acid and
the support, guaranteeing a compromised dispersion and stacking of the supported Ni–W–S phases.
The citric acid-assisted hydrothermal modification combined the framework dealumination of the HY
zeolite and the removal of nonframework Al species, exposing more Brønsted acid sites on the catalyst.
The finely tuned morphology of the Ni–W–S phases and the suitably adjusted Brønsted acidity of the zeo-
lite endowed the resulting NiW/USY–Al2O3 catalyst with outstanding hydrogenation and hydrogenolysis
activities for 4,6-dimethyldibenzothiophene and coking diesel HDS.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Sulfur-containing compounds in transportation fuels such as
gasoline and diesel are closely related to SOx and particle emissions
from internal combustion engines that result in air pollution and
acid rain, so both developed and developing countries have strictly
restricted sulfur content in their environmental regulations. Hyd-
rodesulfurization (HDS) is the most widely used technique for
removing sulfur-containing compounds from petroleum and
petroleum processing products in the refining industry [1]. In var-
ious HDS processes, HDS catalysts play a pivotal role in determin-
ing the processes’ features and efficiency. As the most important
type of HDS catalysts, alumina-supported Mo and W catalysts with
Co or/and Ni as promoting elements have been used in the refining
industry for more than half a century, but they show poor ability to
remove 4,6-dimethyldibenzothiophene (4,6-DMDBT), which is the
most refractory sulfur-containing compound in transportation
fuels, because of its steric hindrance for direct HDS [2]. Therefore,
extensive efforts have been made to develop HDS catalysts with
improved activity for the conversion of 4,6-DMDBT. Two principal
pathways are explored to overcome the steric hindrance of the
methyl groups at the 4 and 6 positions in 4,6-DMDBT.
ll rights reserved.
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The first pathway is based on the well-documented fact that
HDS of 4,6-DMDBT occurs preferentially via the hydrogenation
route involving the chemisorption of 4,6-DMDBT through the p
electrons of the aromatic rings in a flat mode parallel to the catalyst
surface, the hydrogenation of one benzenic ring in 4,6-DMDBT, and
the subsequent desulfurization of this prehydrogenated intermedi-
ate [3]. To improve the hydrogenation function of conventional
supported Mo or W HDS catalysts, several methods have been pro-
posed, with some of them having been employed in industrial prac-
tice. Using alternative unitary supports such as carbon [4], titania
[5], zirconia [6], and silica [7] and binary supports such as TiO2–
Al2O3 [8], SiO2–Al2O3 [9], and ZrO2–Al2O3 [10] is such a method.
Compared to Al2O3-supported HDS catalysts, the catalysts based
on these unitary and binary supports show enhanced HDS activity,
but suffer from the problem of inferior mechanical strength or
undesirable agglomeration of supported active metals [11]. Modifi-
cation of Al2O3 by incorporating phosphorus [12], fluorine [13], and
chelating agents such as ethylenediaminetetraacetic acid (EDTA),
nitrilotriacetic acid (NTA), and 1,2-cyclohexanediamine-N,N,N,N-
tetraacetic acid (CyNTA) [14,15], has been also attempted, but this
leads to the formation of larger active metal particles with lower
dispersion, decreasing the number of active sites and giving unsat-
isfactory HDS performance [16]. In addition, it has been recognized
that the electronic properties of active sulfide phases in the vicinity
of acidic sites of b and Y zeolites might be modified, and the modi-
fication can increase the catalyst’s activity for hydrogenating the
benzenic rings in sulfur-containing compounds [17,18].
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The second pathway to improving the elimination of sulfur
from 4,6-DMDBT is the structural modification of 4,6-DMDBT
through isomerization or cracking of methyl groups from positions
4 and 6. By shifting one of the two substituent methyl groups from
the 4 or 6 position to the 3 or 7 position through hydroisomeriza-
tion [19], or by the removal of one or both methyl groups through
dealkylation [20], the steric hindrance existing in 4,6-DMDBT can
be relieved, promoting the occurrence of HDS reactions of 4,6-
DMDBT. To fulfill this task, acidic zeolites that have excellent isom-
erization and dealkylation performance have been incorporated
into conventional alumina supports [21]. Compared to micropo-
rous zeolites such as HY and Hb, which usually have stronger acid-
ity and thus show excessive cracking and rapid deactivation [22],
ultrastable zeolite Y (USY) obtained by hydrothermally treating
HY zeolite presents decreased acid strength [23] and well-devel-
oped secondary mesopores [24] and thus is more attractive for
the HDS of 4,6-DMDBT because of its stable HDS activity and
appropriate pore channels for the diffusion and reaction of large
sulfur-containing compounds [25]. Unfortunately, when conven-
tional impregnation is adopted for loading molybdenum or tung-
sten onto zeolite-containing supports, poor dispersion of the
deposited phase is encountered [26,27].

The above discussions clearly suggest that an effective route to
design and fabrication of highly efficient HDS catalysts is incorpo-
ration of USY into conventional c-Al2O3 and improvement of the
dispersion of active metals on the resulting composite support.
For this purpose, we present a novel method for preparing NiW/
USY–Al2O3 ultradeep HDS catalysts. The method was achieved by
coupling the citric acid-assisted hydrothermal dispersion of sup-
ported active metals and the hydrothermal modification of HY zeo-
lite (CHD-HMY). It was shown that (1) by using citric acid as a
dispersant in aqueous solutions under hydrothermal conditions
to control the size of W precursors and weaken the metal–support
interaction, a compromise between the dispersion and stacking of
supported W species was fulfilled; (2) the pore structure and acid-
ity of incorporated USY zeolite were simultaneously modified dur-
ing the hydrothermal process, avoiding the complex post-
treatments encountered in conventional modifications.
2. Experimental

2.1. Catalyst preparation

Two NiW/USY–Al2O3 catalysts, designated as CHD-HMY and
IWI, were prepared by the CHD-HMY method proposed in this
investigation and the incipient wetness impregnation method
(IWI), respectively.
2.1.1. Preparation of catalyst CHD-HMY
The preparation of the oxidic catalyst CHD-HMY involves the

following steps. First, the calcined HY zeolite (molar Si/Al ratio
2.6, unit cell parameter 24.68 Å, surface area 710 m2/g, pore vol-
ume 0.34 mL/g, Qilu Catalyst Factory, People’s Republic of China)
was fully blended with pseudo-boehmite (surface area 250 m2/g,
pore volume 0.60 ml/g, Shandong Aluminum Plant, People’s
Republic of China) in a dry mass ratio of 21:79 by grinding and
shaped by extrusion. After they were dried at 120 �C for 4 h and
calcined at 450 �C for 4 h, the extrudates were crushed and
screened to obtain 20–40 mesh particles. Second, 6.0 g of the
HY–Al2O3 particles was added into 37.9 ml of a 0.50 M citric acid
solution and then 61.8 ml of a 0.15 M sodium tungstate solution
was added under stirring. Third, 27.1 ml of a 0.70 M HCl solution
was added dropwise into the above solution under stirring and
the resulting suspension was transferred to a rotary Teflon-lined
stainless steel autoclave and heated at 140 �C for 15 h. Fourth,
the as-prepared product was filtered, washed with deionized
water, dried at 120 �C for 2 h, and calcined at 450 �C for 4 h under
N2. Finally, the obtained W/USY–Al2O3 product was impregnated
with a suitable amount of nickel nitrate solution and dried and cal-
cined as mentioned above.

2.1.2. Preparation of catalyst IWI
The oxidic catalyst IWI was prepared as follows. First, the cal-

cined HY zeolite was hydrothermally treated in a rotary Teflon-
lined stainless steel autoclave at 140 �C for 15 h. Second, the trea-
ted HY zeolite (USY) was fully blended with pseudo-boehmite at a
dry mass ratio of 21:79 by grinding and shaped by extrusion. Final-
ly, the dried and calcined 20–40 mesh extrudates were impreg-
nated successively with the aqueous solutions of ammonium
metatungstate and nickel nitrate according to the required load-
ings; after each impregnation step, the solids were dried and cal-
cined as mentioned above.

To clarify the effect of citric acid on supported active metals in
IWI, one catalyst, denoted as IWI-IC, was prepared by adding the
same amount of citric acid as used for preparing catalyst CHD-
HMY into the impregnation solution for preparing catalyst IWI.

To elucidate the benefit of the CHD-HMY method, one more cat-
alyst, denoted as IWI-HC, was prepared by adding the same
amount of citric acid as used for preparing catalyst CHD-HMY into
the hydrothermal solution for producing the USY zeolite used in
catalyst IWI.

To understand the important role of citric acid in the CHD-HMY
method, a reference catalyst denoted as HD-HMY was prepared
according to the same procedure as that for preparing catalyst
CHD-HMY except for the absence of citric acid.

The NiO and WO3 contents in all of the NiW/USY–Al2O3 cata-
lysts determined by X-ray fluorescence spectroscopy (XRF, Rigaku
ZSX-100e) were 3.0 and 26.0 wt.%, respectively. All of the USY–
Al2O3 supports consist of 21 wt.% USY and 79 wt.% Al2O3. In the
present investigation, W and Ni were selected as the supported ac-
tive metals because the Ni–W system has the highest hydrogena-
tion activity among the four possible metal combinations of Mo
or W with Co or Ni [28].

2.2. Catalyst characterization

Temperature-programmed reduction (TPR) analyses of the oxi-
dic catalysts were performed on a homemade apparatus. First, the
catalyst samples (each 100 mg) to be tested were pretreated in an
Ar stream at 450 �C for 2 h and then cooled to room temperature.
Then, the Ar flow was switched to a 10% H2/Ar flow, and the cata-
lyst sample was heated to 1050 �C at a rate of 10 �C/min and kept
at this temperature for 0.5 h. The H2 consumption for reducing the
corresponding metal oxides in the catalyst was detected by a ther-
mal conductivity detector (TCD).

The types of acid sites were determined by pyridine-adsorbed
Fourier transformed infrared (Py-FTIR) experiments conducted on
a Magna 560 FT-IR instrument. A wafer of an oxidic catalyst was
introduced into the FT-IR cell and sulfided in situ in a 15% H2S/
H2 stream at 360 �C for 2 h. After sulfidation, the H2S-containing
gas mixture and chemisorbed H2S were removed by flushing the
cell with purified He at 360 �C for 2 h. Then the sample was slowly
cooled to ambient temperature in a purified He flow and evacuated
to 1.33 � 10�3 Pa, followed by the adsorption of pure pyridine va-
por for 20 min. The system was then evacuated at different tem-
peratures and pyridine-adsorbed IR spectra were recorded.

Nitrogen adsorption–desorption measurements of the sulfided
catalysts were performed on a Micromeritics ASAP 2002 adsorp-
tion instrument. The sulfided samples were degassed at 300 �C in
a vacuum of 1.33 � 10�3 Pa for 15 h, and then switched to the anal-
ysis station for adsorption–desorption at liquid nitrogen tempera-
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ture. The specific surface areas and pore volumes of the catalysts
were calculated from N2 adsorption–desorption isotherms using
the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) methods.

IR spectra of adsorbed NO over the sulfided catalysts were mea-
sured using a FT-IR spectrometer (Nicolet Co., Magna 560). The
pretreatment procedure for the oxidic catalyst samples was the
same as that used in the above Py-FTIR measurement. After the
background spectra were measured at a resolution of 4 cm�1, the
samples were exposed to a 10% NO/He stream for 0.5 h, followed
by flushing with pure He for 1 h. Finally, the IR spectra of adsorbed
NO were obtained by subtracting the background spectra.

IR spectra of adsorbed CO over the sulfided catalysts were mea-
sured using the same FT-IR spectrometer described above. The pre-
treatment procedure for the oxidic catalyst samples was the same
as that used in the above Py-FTIR measurement. Then, the sulfided
catalysts were rapidly evacuated at 300 �C and subsequently
cooled to �173 �C for CO adsorption. Finally, the sulfided catalysts
were exposed to CO with an equilibrium pressure of 133.3 Pa and
the bands of the adsorbed CO species were obtained by subtracting
the spectra recorded after and before CO introduction.

High-resolution transmission electron microscopy (HRTEM)
images of the sulfided catalysts were obtained on a Philips Tecnai
G2 F20 transmission electron microscope equipped with a Link-
ISIS-300 energy-dispersive X-ray spectrometer (EDX) operated at
an accelerating voltage of 200 kV. The solids to be measured were
ultrasonically dispersed in cyclohexane and the testing samples
were prepared by dropping the dispersed suspensions onto car-
bon-coated copper grids.

X-ray photoelectron spectroscopy (XPS) measurements of the
sulfided catalysts were performed on a VG ESCA Lab 250 spectrom-
eter using AlKa radiation. The oxidic catalysts were first sulfided in
a 15% H2S/H2 stream at 360 �C for 3 h, cooled to room temperature
in a He flow, ground, and then kept in cyclohexane to prevent oxi-
dation. Before measurement, the sample to be tested was pressed
onto a stainless steel sample holder and then the holder was
immediately mounted on the XPS machine. The Al2p peak at
74.6 eV was used as an internal standard to compensate for sample
charging. To quantify the content of W4+, W5+, and W6+ species, the
obtained XPS spectra were fitted using XPSPEAK Version 4.1 soft-
ware [29]. A Shirley background was applied, and the W4f spectra
were deconvoluted by fitting the experimental spectra to a mixed
Gaussian–Lorentzian function in which the Lorentzian function
takes a fraction of 70–80% [13].

2.3. Catalyst assessment

The catalytic activity for 4,6-DMDBT HDS was assessed in a con-
tinuously flowing tubular fixed-bed microreactor of internal diam-
eter 10.0 mm and length 500 mm, using 1.0 wt.% 4,6-DMDBT in n-
decane as a model compound. A sample of 0.60 g of the catalyst to
be assessed was diluted with quartz particles 0.25 mm in diameter
to a constant volume of 2.0 ml before being loaded into the reactor.
Before the reaction, the catalyst was presulfided for 3 h at 360 �C in
a 15% H2S/H2 flow. The HDS reaction was carried out under the
conditions of temperature 340 �C, a liquid hourly space velocity
(LHSV) of 45 h�1, a total pressure of 4.0 MPa, and a H2/hydrocarbon
volumetric ratio of 600. After a stabilization period of 4 h, the reac-
tion products were collected and analyzed using an HP 6890 gas
chromatograph (GC) installed with a flame ionization detector
and a 0.25 mm � 100 m dimethylpolysiloxane capillary column.
Some GC results were further verified by an HP 6890 GC installed
with a pulse-flame photometric detector (O. I. Co., PFPD 5380) and
by an HP 5790 GC installed with an MS 80 mass spectrometer.

By assuming a pseudo-first-order reaction for the HDS of 4,6-
DMDBT, the catalyst activity can be expressed by the equation [30]
kHDS ¼
F
m

ln
1

1� x

� �
ð1Þ

where x is the total conversion of 4,6-DMDBT, F is the molar feed
rate of 4,6-DMDBT in mol s�1, m is the catalyst mass in g, and kHDS

is the rate constant of HDS in mol g�1 s�1. TOF (turnover frequency,
s�1) is defined as the number of reacted 4,6-DMDBT molecules per
second and per W atom at the edge surface. This defined TOF repre-
sents the HDS efficiency of the W phase promoted by Ni (Ni–W–S)
in view of the negligible HDS ability of the single promoter phase
with a minor amount [31].

The HDS performance of the NiW/USY–Al2O3 catalysts was also
evaluated using a coking diesel from a Chinese refinery with a boil-
ing point in the range 200–395 �C, density 0.867 g cm�3, and sulfur
content 5350 lg g�1. The HDS reaction for the coking diesel was
conducted in a fixed-bed reactor loaded with 20 ml catalyst diluted
with the same volume of quartz particles of diameter 0.25 mm. The
catalysts were presulfided in a mixture of 3 wt.% CS2 in cyclohex-
ane. First, the sulfiding feed was introduced to wet the catalyst
bed at 150 �C and 6.0 MPa for 1 h, and subsequently the bed tem-
perature was increased to 230 �C and maintained there for 2 h;
then the bed temperature was increased to 290 �C and maintained
there for 2 h; finally, the bed temperature was increased to 360 �C
and maintained there for 3 h. After sulfidation, the feeding flow
was switched to the coking diesel, and the HDS assessment was
carried out under the following conditions: LHSV 1.5 h�1, temper-
ature 360 �C, total pressure 6.0 MPa, and H2/oil volume ratio 500.
After steady state was achieved, the liquid product was collected
for analysis.

3. Results and discussion

3.1. Py-FTIR and N2 adsorption–desorption characterizations

The FT-IR spectra of pyridine adsorbed onto the catalysts CHD-
HMY and IWI in the wavenumber range 1400–1600 cm�1 are
shown in Fig. 1. The bands at 1545 and 1455 cm�1 correspond to
pyridine molecules chemisorbed onto Brønsted (B) and Lewis (L)
acid sites [32], respectively, and that at 1490 cm�1 is ascribed to
the adsorbate on both B and L acid sites. Total L acidity and total
B acidity, and medium and strong L acidity and medium and strong
B acidity, can be calculated from the spectra of pyridine adsorption
at 200 and 350 �C, respectively. The results for the acid-type distri-
butions of the different catalysts from quantitative analysis by a
method described elsewhere [33] are presented in Table 1. The
hydrothermal treatment of the HY zeolite leads to the formation
of nonframework Al species that conceal the B acid sites of the zeo-
lite and thus restrain the access of pyridine molecules to them [34],
but citric acid can remove the nonframework Al species formed
during hydrothermal treatment by the chelation effect [35]. There-
fore, catalyst CHD-HMY has more uncovered B acid sites than cat-
alyst IWI due to the involvement of citric acid in the hydrothermal
treatment. Similarly, fewer weak L acid sites over catalyst IWI than
over catalyst CHD-HMY can be attributed mainly to the blockage of
nonframework Al fragments in the pore channels of the support in
the absence of citric acid. Compared with catalyst CHD-HMY, cat-
alyst HD-HMY has fewer B acid sites, indicating the significant ef-
fect of citric acid on the exposure of B acid sites.

The pore structure parameters of the three catalysts listed in Ta-
ble 2 show that relative to those of catalyst IWI, the surface area,
pore volume, and average pore diameter of catalyst CHD-HMY
are increased by about 20%, 32%, and 10%, respectively. The lower
textural parameters of catalyst IWI compared to catalyst CHD-
HMY can be attributed mainly to the blockage of more nonframe-
work Al species in the pore channels of the hydrothermally treated
support, because the surface area (264 m2/g) and pore volume
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Fig. 1. FT-IR spectra of pyridine adsorbed on catalysts CHD-HMY and IWI at (a) 200
and (b) 350 �C, respectively.

Table 1
Acid type distributions of the three catalysts.

Catalyst Acidity (lmol/gcat)

Weak acid
sites

Medium and
strong acid sites

Total amount Total B/L

L B L B

CHD-HMY 288.4 45.9 59.7 82.5 476.5 0.37
IWI 215.3 18.4 53.8 31.2 318.7 0.18
HD-HMY 232.8 20.6 55.2 39.1 347.7 0.21

Table 2
Typical properties of the three catalysts.

Item Catalyst
CHD-HMY

Catalyst IWI Percentage
difference
between
catalysts
CHD-HMY
and IWI (%)

Catalyst
HD-HMY

Pore parameter
Sg

a (m2/g) 230 191 20 199
Vp

b (cm3/g) 0.41 0.31 32 0.33
Dp

c (nm) 7.13 6.49 10 6.63
Surface W/Ni ratiod 2.69 1.86 45 1.97
Wsulfidation

d (%) 78 64 18 67
LWS2

e (nm) 4.3 7.8 �45 6.5

NWS2
e 2.6 3.9 �36 3.3

WS2 dispersione 0.29 0.13 123 0.16

a BET surface area.
b Pore volume.
c Average pore diameter (4Vp/Sg).
d Obtained by XPS.
e Obtained by HRTEM.

Fig. 2. TPR profiles of the oxidic CHD-HMY and IWI catalysts.
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(0.40 cm3/g) of the support of catalyst IWI are lower than those
(310 m2/g, 0.52 cm3/g) of the support of catalyst CHD-HMY with
fewer nonframework Al species.

The more B acid sites and larger surface area for catalyst CHD-
HMY than for catalyst HD-HMY demonstrate the important role
citric acid plays in removing nonframework Al fragments gener-
ated in the hydrothermal treatment of the support, as well as the
negligible effect of the matrix Al2O3 on protecting the framework
Al species in the HY zeolite during the hydrothermal treatment.

3.2. TPR and XPS characterizations

The TPR profiles of the oxidic CHD-HMY and IWI catalysts are
displayed in Fig. 2. The low-temperature peaks at 616 and 647 �C
correspond to the reduction of octahedrally coordinated polymeric
tungsten species [36], and the high-temperature peaks at 878 and
915 �C are attributed to the reduction of tetrahedrally coordinated
monomeric tungsten species, which are mostly stabilized on the
alumina-containing support [37]. Because the peak temperatures
in the TPR profiles reflect the metal–support interaction over sup-
ported catalysts [38], the lower peak temperatures for catalyst
CHD-HMY than for catalyst IWI in Fig. 2 indicate weaker metal–
support interaction on the former catalyst. The weaker metal–sup-
port interaction over catalyst CHD-HMY originates from the prefer-
ential interaction between citric acid and the alumina-containing
support [39], which can greatly improve the sulfidation of oxidic
tungsten species, as further confirmed by the following XPS char-
acterization results of the corresponding sulfided catalysts.

In view of the important influence of W sulfidation degree on
the HDS activity of W-based catalysts, the W4f XPS spectra and
deconvolutions of the sulfided CHD-HMY and IWI catalysts are
shown in Fig. 3a. The binding energies of the W4f7/2 and W4f5/2 lev-
els for W4+ (tungsten sulfides, WS2) are about 32.2 and 34.3 eV,
respectively, those for W5+ (tungsten oxysulfides, WOS) are about
32.9 and 34.8 eV, and those for W6+ (tungsten oxides, WO3) are
about 36.1 and 37.8 eV [40]. The sulfidation degree of oxidic W
species, Wsulfidation, is defined as the ratio of W4+(WS2) to the sum
of W4+(WS2), W5+(WOS), and W6+(WO3); i.e., Wsulfidation = W4+/
(W4+ + W5+ + W6+) [41]. The fitting results in Table 2 show that
Wsulfidation is 78% for catalyst CHD-HMY, 67% for catalyst HD-
HMY, and 64% for catalyst IWI, respectively. Because Wsulfidation de-
pends inversely on the metal–support interaction [42], the highest
Wsulfidation of catalyst CHD-HMY among the three catalysts can be
contributed to the weakest tungstate–support interaction.

In Fig. 3b, the decomposed Ni2p peaks at 856.6, 854.8 and
854.4, and 853.5 eV can be attributed to Ni oxides, the Ni–W–S
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Fig. 3. W4f (a) and Ni2p (b) XPS spectra of the sulfided CHD-HMY and IWI catalysts.
Fig. 4. HRTEM images of the sulfided catalysts (a) CHD-HMY and (b) IWI.

Table 3
Length and stacking layer number distributions of the WS2 slabs over the sulfided
CHD-HMY and IWI catalysts.

Frequency (%)

CHD-HMY IWI

Length (nm)
<2 15.6 1.6
2–4 29.5 5.2
4–6 40.3 8.0
6–8 8.9 38.3
8–10 5.5 32.1
10–12 0.2 14.8

Stacking layer number
1 10.2 1.7
2 32.5 8.5
3 47.6 14.4
4 5.7 52.7
5 3.3 17.8
6 0.7 4.9
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phases in which Ni atoms neighbor W atoms with electron transfer
from Ni to adjacent WS2, and Ni sulfides, respectively [28,43]. The
very low peak intensity at 856.6 eV indicates a very low content of
Ni oxides over the sulfided CHD-HMY and IWI catalysts, and the
high peak intensities at 854.8 and 854.4 eV reveal that Ni–W–S
phases exist in the majority over the two sulfided catalysts. In
addition, the higher Ni2p peak at 853.5 eV over catalyst IWI than
over catalyst CHD-HMY demonstrates the coexistence of more Ni
sulfides with the Ni–W–S phases over the former catalyst, as re-
ported in the literature [44].

The surface W/Ni atomic ratios of the different sulfided cata-
lysts were also measured by XPS and the results are given in Ta-
ble 2. Despite the same metal contents over the three catalysts
as determined by XRF, catalyst CHD-HMY has the highest surface
W/Ni atomic ratio, indicating the smallest size of the supported
W species over catalyst CHD-HMY [45].

3.3. HRTEM characterization

Representative HRTEM micrographs of the sulfided CHD-HMY
and IWI catalysts are shown in Fig. 4. They mainly display the edge
or prism planes of WS2 slabs on the two catalysts orienting along
or roughly parallel to the electron beam direction [46]. The black
thread-like fringes correspond to WS2 slabs (confirmed by the
EDX analysis). The particles of the promoter Ni species on the sul-
fided catalysts are too small to be visualized in the HRTEM images
due to the very low loading of Ni species, in accordance with liter-
ature results [44].

To make a quantitative comparison, the lengths and layer num-
bers of WS2 slabs on the sulfided catalysts were obtained through
statistical analyses based on about 20 micrographs, including 500–
600 slabs taken from different parts of each catalyst. The average
slab length (L) and stacking layer number (N) were calculated
according to the first moment of the distribution [22,43], expressed
by

LðNÞ ¼
Pn

i¼1xiMiPn
i¼1xi

; ð2Þ

where Mi is the slab length or stacking layer number of a stacked
WS2 unit, and xi the number of slabs or stacks in a given range of
lengths or stacking layer numbers.



Fig. 5. IR spectra of adsorbed NO on the sulfided CHD-HMY and IWI catalysts.
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The statistical results of the length and stacking layer number
distributions of WS2 slabs over the sulfided CHD-HMY and IWI cat-
alysts are displayed in Table 3. CHD-HMY significantly decreases
the fraction of WS2 slabs larger than 6 nm and greatly increases
the fraction of WS2 slabs smaller than 4 nm, resulting in a decrease
of the average slab length from 7.8 nm for catalyst IWI to 4.3 nm
for catalyst CHD-HMY (Table 2). In addition, catalyst CHD-HMY
has more WS2 slabs stacked with 1–3 layers and fewer stacked
with 4–6 layers than catalyst IWI, leading to an increase of the
average stacking layer number from 2.6 for the former to 3.9 for
the latter (Table 2). The average length and stacking layer number
of WS2 slabs over catalyst IWI are higher than those over the
impregnated NiW/Al2O3 catalysts reported in literatures [43,44],
indicating that the incorporation of USY into Al2O3 deteriorates
the dispersion of supported WS2 slabs.

The WS2 dispersion, fW, was calculated by dividing the total
number of W atoms at the edge surface by the total number of
W atoms. By assuming that WS2 slabs are present as perfect hexa-
gons, the following equation was derived [47],

fW ¼
P

i¼1;...;tð6ni � 6ÞP
i¼1;...;tð3n2

i � 3ni þ 1Þ ; ð3Þ

where ni is the number of W atoms along one edge of a WS2 slab
determined from its length (L = 3.2(2ni � 1) Å), and t is the total
number of slabs shown in the TEM micrographs.

The calculation results for WS2 dispersion in Table 2 show that
the WS2 dispersion over the different catalysts decreases in the or-
der catalyst CHD-HMY > catalyst HD-HMY > catalyst IWI. Among
the three catalysts, the highest WS2 dispersion over catalyst
CHD-HMY can efficiently promote the occupation of Ni atoms on
the edge sites of WS2 slabs and thus greatly favor the formation
of Ni–W–S active phases [48].

The statistical results of the HRTEM micrographs for catalyst
IWI-IC reveal that the WS2 slabs have an average length of
8.7 nm, an average stacking layer number of 4.1, and a dispersion
of 0.10, indicating that citric acid can hardly enhance the disper-
sion of W species during the conventional impregnation process.
In W-containing catalyst preparation by conventional impregna-
tion, ammonium metatungstate [(NH4)6H2W12O40] with polymeric
tungstates is generally used as the W precursor. It is known that
polymeric W species (W12) are absolutely predominant in solution
in the case of pH < 3.5 [49], so the W precursors in the citric acid-
containing impregnation solution for preparing catalyst IWI-IC ex-
ist in the form of the polymeric W species (W12) when the solution
pH value is at 2.0 (measured on a Mettler-Toledo Delta 320 pH me-
ter). In this case, the advantages of citric acid in improving the dis-
persion of supported W species are greatly diminished due to the
preferential formation of polymeric W species (W12). Differently,
in the CHD-HMY method the H2WO4 precipitates in the form of
monomeric W species, i.e., hydrated WO3 particles, are generated
through the stoichiometric reaction between Na2WO4 and HCl,
and they are well dispersed because of the multiple effects of citric
acid: the hydrogen-bonding interaction between the carboxyl
groups of citric acid and the (WOn)� anions adsorbed on the sur-
faces of the hydrated WO3 particles [50], the decreased capillary
forces between WO3 particles during the drying step [51], and
the preserved dispersion of oxidic W species during the calcination
under N2 due to the remnant carbonaceous species and gases re-
leased from the decomposition of citric acid [52,53].

The statistical results of the HRTEM micrographs for catalyst
IWI-HC display that the WS2 slabs have an average length of
7.6 nm, an average stacking layer number of 4.0, and a dispersion
of 0.14, demonstrating that citric acid can hardly improve the dis-
persion of W species when incorporated into the hydrothermal
solution for producing the USY zeolite used in catalyst IWI. This
is because the predominance of the polymeric W species (W12)
in the impregnation solution of (NH4)6H2W12O40 with a pH value
of 3.1 leads to inferior W dispersion, as discussed above.

During the IWI process, the existence of polymeric W species in
the impregnating solution and the undesirable agglomeration of
metal species in the drying and calcination steps deteriorate the
dispersion of active metal species on the support, as demonstrated
by the above XPS and HRTEM characterizations.

3.4. NO-IR and CO-IR characterizations

IR spectra of adsorbed NO on the sulfided catalysts are shown in
Fig. 5. The bands at about 1844 and 1782 cm�1 are assigned to NO
adsorbed onto Ni and W species [54], respectively. Obviously, cata-
lyst CHD-HMY has a higher peak intensity of Ni species and a lower
peak intensity of W species than catalyst IWI. This can be ascribed
to the following reason: Ni species preferentially interact with W
species rather than with alumina in NiW/USY–Al2O3 and thus the
supported WS2 slabs can be considered as the secondary support
for Ni species [55]. As confirmed by the above XPS and HRTEM char-
acterization results, WS2 slabs have better dispersion over catalyst
CHD-HMY than over catalyst IWI and thus provide more sites for
accommodating the Ni species, so the number of WS2 edge sites
over catalyst CHD-HMY decreases remarkably due to the occupa-
tion of Ni species, and many dispersed and exposed Ni sites are
formed in the Ni–W–S phases. It has been demonstrated that the
HDS activity of supported metal catalysts is closely related to the
Ni or Co sites present as Co(Ni)–Mo(W)–S phases [56], so catalyst
CHD-HMY with more Ni sites in supported Ni–W–S phases is ex-
pected to have higher HDS activity than catalyst IWI.

IR spectra of adsorbed CO on the sulfided catalysts are shown in
Fig. 6. The bands at 2133 and 2120 cm�1 are assigned to CO ad-
sorbed onto the Ni promoter involved in the Ni–W–S phases and
the bands at 2099 and 2088 cm�1 are associated with CO adsorbed
onto the WS2 phases perturbed by Ni [42]. Similarly to the above
NO-IR results, catalyst CHD-HMY has a higher peak intensity of
Ni species and a lower peak intensity of W species than catalyst
IWI. It should be pointed out that the t(CO) wavenumber increases
from 2120 and 2088 cm�1 for catalyst IWI to 2133 and 2099 cm�1

for catalyst CHD-HMY, respectively. This shift to higher energies
normally corresponds to the increased electron deficiency of metal
species [57], and can be attributed to the enhanced induction effect
of more exposed B acid sites over catalyst CHD-HMY [17]. In addi-
tion, the bands at 2190, 2176, and 2159 cm�1 in Fig. 6 are ascribed
to the interactions of CO with L acid sites, B acid sites, and Al–OH
groups of the support, respectively [17,43]. Catalyst CHD-HMY has
higher peak intensities at 2190 and 2176 cm�1 than catalyst IWI,
indicating more L and B acid sites over the former’s support than



Fig. 6. IR spectra of adsorbed CO on the sulfided CHD-HMY and IWI catalysts.
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over the latter’s support. It is the blockage of nonframework Al
fragments generated in the hydrothermal treatment that leads to
fewer exposed L and B acid sites in the support of catalyst IWI,
as pointed out in the above Py-FTIR characterization.
3.5. Catalytic activity

As shown in Fig. 7, the reaction network of 4,6-DMDBT HDS in-
cludes four routes [20,58]: (1) the dealkylation route, in which the
S
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Fig. 7. Reaction network
methyl groups at the 4 and/or 6 positions are removed by cracking
and then sulfur is eliminated by hydrogenolysis; (2) the direct
desulfurization (DDS) route, in which the C–S bonds of the reactant
molecule are broken by hydrogenolysis, yielding 3,30-dimethylbi-
phenyl (3,30-DMBP); (3) the isomerization route, in which the
methyl groups at the 4 and/or 6 positions are transferred to the
other positions and then sulfur is eliminated by hydrogenolysis;
(4) the hydrogenation (HYD) route, in which the reactant molecules
are first hydrogenated to tetrahydrodimethyldibenzothiophene
(4,6-THDMDBT) and then to hexahydrodimethyldibenzothiophene
(4,6-HHDMDBT) intermediates, and finally sulfur is eliminated
from these intermediates, producing methylcyclohexyltoluene
(3,30-MCHT) and hydrogenated dimethylbicyclohexyl (3,30-
DMBCH). Due to the absence of the dealkylation and isomerization
routes here, the HDS/HYD ratio can be calculated by dividing the to-
tal selectivity to 3,30-MCHT, 3,30-DMBCH, and 3,30-DMBP by the to-
tal selectivity to 4,6-THDMDBT, 4,6-HHDMDBT, 3,30-MCHT, and
3,30-DMBCH.

The 4,6-DMDBT HDS results for the catalysts in Table 4 show
that the reaction rate constant and the TOF over catalyst CHD-
HMY are higher than those over catalyst IWI, revealing the higher
activity of the former catalyst for transforming 4,6-DMDBT. The
3,30-MCHT selectivity over catalyst CHD-HMY is much higher than
that over catalyst IWI, indicating the superior HDS activity of the
former catalyst by the HYD route, but the 3,30-DMBP selectivities
over the two catalysts have only a minor difference due to the ste-
ric hindrance effect of 4,6-DMDBT on the DDS route [59]. More-
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Table 4
4,6-DMDBT HDS results over the three sulfided catalysts.

Catalyst kHDS

(10�7 mol g�1 s�1)
TOF � 104

(s�1)a
Product selectivityb (%)

4,6-THDMDBT + 4,6-
HHDMDBT

3,30-
MCHT

3,30-
DMBCH

3,30-
DMBP

HDS/
HYDc

(4,6-THDMDBT + 4,6-HHDMDBT)/
3,30-MCHT

CHD-HMY 4.97 10.32 12.5 69.2 8.7 9.6 0.97 0.18
IWI 0.52 3.43 30.9 54.1 4.2 10.8 0.77 0.57
HD-HMY 0.82 4.27 25.3 58.7 5.9 10.1 0.83 0.43

a The number of reacted 4,6-DMDBT molecules per second and per W atom at the edge surface.
b Determined at about 50% of total 4,6-DMDBT conversion by changing the liquid hourly space velocity.
c Obtained via dividing the total selectivity to 3,30-MCHT, 3,30-DMBCH and 3,30-DMBP by the total selectivity to 4,6-THDMDBT, 4,6-HHDMDBT, 3,30-MCHT, and 3,30-

DMBCH.
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over, the HDS/HYD ratio over catalyst CHD-HMY is higher than that
over catalyst IWI, implying better HDS selectivity of the former cat-
alyst for the HYD route. It is also noted that the total selectivity to
4,6-THDMDBT and 4,6-HHDMDBT and the (4,6-THDMDBT + 4,6-
HHDMDBT)/3,30-MCHT ratio over catalyst CHD-HMY are lower
than those over catalyst IWI, showing the superior hydrogenolysis
desulfurization capability of the former catalyst.

Compared with catalyst CHD-HMY, catalyst HD-HMY has a low-
er reaction rate constant and TOF as well as an inferior desulfuriza-
tion capability (Table 4), indicating the significance of citric acid in
enhancing the HDS performance of catalyst CHD-HMY.

With the real coking diesel as feedstock, the activity stabilities
of catalysts CHD-HMY and IWI were assessed and the results are
presented in Fig. 8 and Table 5. During the operation of 400 h,
the total sulfur content in the products obtained over the two cat-
alysts remained stable, with the sulfur content in the product ob-
tained over catalyst CHD-HMY much lower than that in the
product over catalyst IWI, indicating the advantageous HDS perfor-
mance of catalyst CHD-HMY.

The above assessment results of 4,6-DMDBT and real coking
diesel HDS have confirmed that catalyst CHD-HMY has higher
HDS activity than catalyst IWI. To further compare their activity,
it is necessary to correlate the HDS activities of the two catalysts
with their structures.
Fig. 8. Total sulfur content in the diesel products with time on stream over the
sulfided CHD-HMY and IWI catalysts.

Table 5
Coking diesel HDS results over catalysts CHD-HMY and IWI.

Catalyst Total sulfur content in
feedstock (lg/g)

Average of total sulfur
content in product (lg/g)

HDS
ratio
(%)

CHD-
HMY

5350 15.7 99.7

IWI 5350 144.5 97.3
According to literature results [60,61] and those obtained in the
present investigation, it is proposed that in the supported Ni–W–S
phase the brim sites (i.e., the top and bottom layers of multistacks)
are HYD-oriented and the edge sites are DDS-oriented. Compared
with catalyst IWI, catalyst CHD-HMY with a WS2 dispersion of
0.29 and an average WS2 stacking number of 2.6 (Table 2) has more
accessible Ni–W–S active sites, as confirmed in Figs. 5 and 6, so its
prehydrogenation activity for the refractory 4,6-DMDBT with steric
hindrance is remarkably enhanced due to the presence of more
accessible brim sites (Fig. 9). The molecules 4,6-THDMDBT and
4,6-HHDMDBT as the hydrogenated intermediates of 4,6-DMDBT
have no such steric hindrance as the initial 4,6-DMDBT, and thus
their C–S bond cleavage by hydrogenolysis on the edge sites of
Ni–W–S phases is much easier than that of 4,6-DMDBT (Fig. 9).
As a result, catalyst CHD-HMY with more accessible edge sites
shows the much higher 3,30-MCHT selectivity than catalyst IWI.
Fig. 9. Schematic representation for eliminating steric hindrance of 4,6-DMDBT via
the HYD route over the sulfided CHD-HMY catalyst with the compromised
dispersion and stacking of Ni–W–S phases.
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The promoting impacts of zeolites on 4,6-DMDBT HDS are
attributed to isomerization, dealkylation, or electronic effects
[62]. In our case, no isomerization or cracking products of 4,6-
DMDBT are detected, and thus the electronic effect induced by B
acid sites in the zeolite should be pursued. It has been recognized
that B acidity can enhance the electronic deficiency of active Ni–
W–S phases, as proved by a blue shift in the position of the
t(CO–NiWSx) band caused by the support B acidity [17,58], and
the increased electronic deficiency improves the HDS ability of
zeolite-containing catalysts [63]. Therefore, catalyst CHD-HMY,
with a higher electronic deficiency of Ni–W–S phases, as confirmed
by the above CO-IR results, has higher activity for 4,6-DMDBT HDS
than catalyst IWI.
4. Conclusions

By coupling the citric acid-assisted hydrothermal dispersion of
supported metals and the hydrothermal modification of HY zeolite,
a novel method for preparing NiW/USY–Al2O3 ultradeep hydrode-
sulfurization (HDS) catalysts was proposed. Different from the con-
ventional impregnation method that uses polymeric W species as
W precursors, this method yielded monomeric W species as W pre-
cursors and achieved excellent dispersion of these monomeric W
species via (1) the hydrogen-bonding interaction between the car-
boxyl groups of citric acid and the WO3 particles, (2) the decreased
capillary forces between WO3 particles caused by the adsorption of
citric acid during the drying step, and (3) the greatly restrained
aggregation of WO3 particles through the separating effect of the
remnant carbonaceous species and released gases from the decom-
position of citric acid during the calcination step. This method also
weakened the metal–support interaction due to the preferential
interaction between the carboxyl groups of citric acid and the sur-
face hydroxyls on the support. The combined effects provided the
resulting catalyst with better dispersed and less stacked Ni–W–S
active phases. Moreover, during the citric acid-assisted hydrother-
mal process, the acidity and pore structure of the USY zeolite were
simultaneously tuned, which reopens the pore channels blocked by
nonframework alumina species due to the dealumination of the HY
zeolite and thus exposes more Brønsted acid sites. The finely tuned
morphology of the Ni–W–S active phases via the citric acid-as-
sisted hydrothermal process and the increased electron deficiency
of the Ni–W–S phases induced by more Brønsted acid sites from
the incorporated USY zeolite significantly improved the hydroge-
nation route of 4,6-DMDBT HDS, endowing the corresponding cat-
alyst with ultradeep HDS performance.
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