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A series of hydrodesulfurization (HDS) catalysts of NiW supported on y-Al,03-MB-TiO, (denoted as
AMBT) composites with various amounts of TiO, were prepared, in which zeolite MB was synthesized
from kaolin mineral. The samples were characterized by means of N, physisorption, XRD, UV-vis DRS,
TPR, NH3-TPD, XPS, HRTEM and NO-DRIFT. The characterization results showed that, compared with
NiW/Al, O3, the additions of MB and TiO, reduced the interaction between the metal components and the
composite support, and also made the active metal phase of WS, existing as larger slabs on the surface
of the composite support. Meanwhile, the layer number of the active metal clusters became greater.
Furthermore, the incorporation of MB into the support tuned the overall acidity of the NiW catalysts.
The active metal species of W and Ni exhibited higher sulfidation extents in NiW/AMBT catalyst than
those in NiW/Al,03; and NiW/AMB catalysts. The HDS activities of FCC diesel changed with the addition
amounts of TiO, in the NiW/AMBT catalysts. Higher HDS efficiencies were achieved over NiW/AMBT5 and
NiW/AMBT9 than that of traditional NiW/AIl, 03 catalyst, and the optimal TiO, content was 9 m% in the
AMBT composite supports. The reason of NiW/AMBT catalyst with higher HDS activity was attributed to
the enhanced hydrogenation activity. The ultra deep desulfurization of FCC diesel oil, in which the sulfur
content was below 10 ppm, could be obtained under the operation conditions of 350°C, 5 MPa, 1h~! and

600 mL/mL.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As one of the most important technology the hydrotreating
process can improve the diesel quality apparently. Increasingly
stringent environmental regulations in the sulfur content of diesel
fuel have created an urgent need for highly hydrodesulfurization
(HDS) catalysts [1,2]. In the future, so called ultra-low sulfur diesel
(below 15 ppmS) should be required to meet the environmental
regulation and fuel specifications [3]. It has been reported that
the strict specification of ultra clean diesel requires a relatively
higher catalytic activity of HDS which might be four or five times
greater than that of the traditional catalysts [4]. As a result, several
approaches have been applied to achieve an excellent HDS catalyst,
especially the development of new materials is an important choice
for achieving suitable support candidate in the catalyst design.

One of the important factors that affect the efficiency of a HDS
catalyst is the interaction between the active phases and the sup-
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port. Support-metal interactions (SMI) influence not only on the
dispersion of the active components, but also on their reducibil-
ity and sulfidability, e.g., modification of the morphology of the
sulfided active phase, interaction of chemical environment of acid
sites. Some results have been summarized in reviews and open lit-
eratures concerning hydrotreatment catalyst and deep HDS [5-8].
Since cobalt or nickel molybdenum/tungsten sulfides have been
established as the active species for the desulfurization, the bet-
ter support to promote their activity and selectivity in the reaction
steps of HDS has been paid much attention, while y-alumina sup-
port has been widely used in the commercial catalysts because of
their excellent mechanical as well as dispersing properties against
sulfides. Support plays an important role in determining the nature
and the number of active sites, and consequently affects the cat-
alytic activity of catalyst. In the past two decades, a lot of intense
activities in the world have been made on the development of dif-
ferent mixed oxide supports which favored the enhancement of
the activity of Mo-based or W-based HDS catalysts. Recently, TiO,-
supported molybdenum/tungsten catalysts have attracted more
interests [9] by means of their higher reducibility to a lower valence
state of molybdenum/tungsten and their higher catalytic activity
for HDS compared with alumina-supported materials. Neverthe-
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less, the low specific surface area and limited thermal stability of
TiO,-support inhibit its wide use in the commercial processes. To
overcome the above disadvantages the mixed oxides of titania with
alumina have been adopted as supports to take advantage of the
favorable characteristics of both systems [10]. TiO,-Al,03 oxide-
supported Mo- or W-based catalysts have been successfully used
for the hydrodesulfurization of refractory molecules such as 4,6-
DMDBT or fuel feeds and Ti-containing catalysts should be good
candidates for hydrogenation of aromatics and deep HDS of diesel
fuels[11]. Recently, it was reported that mixed supports containing
zeolites and alumina exhibited high activities in DBT HDS process
due to the addition of acidic zeolites into the catalyst components,
and zeolite Y was most widely used in HDS catalysts [12,13]. It is
believed that the addition of acidic components in HDS catalysts
can improve the hydroisomerization and dealkylation activities,
and thus 4,6-DMDBT, known to be a representative molecule for
“hard-to-desulfurize”, can be effectively converted into sulfur-free
products due to the elimination effect of the steric hindrance by
acidic components in the HDS catalyst [14,15]. Recently, research
works on the application of acidic zeolite 3 in diesel HDS have also
been reported [13,16].

The main objective of this study is to investigate the HDS per-
formances of the supported NiW catalysts of which the supports
were the composite carrier of alumina, zeolite MB (zeolite [3 pre-
pared from kaolin mineral) and titania, and the titania-containing
catalysts with various titania contents. In this work, a series of
Al;,03-MB (denoted as AMB) and TiO,(x)-Al,03-MB (denoted as
AMBT) composites-supported NiW catalysts were prepared and
their catalytic performances for deep HDS of diesel were evalu-
ated. It was found that the NiW/AMBT9 catalyst gave the highest
catalytic activity for the deep HDS of diesel.

2. Experimental
2.1. Preparation of AMBT composite supports

MB zeolite was prepared by in-situ crystallization method from
kaolin according to our previous work [17]. The protonated form of
MB zeolite (denoted as H-MB) was obtained by calcined NH4-MB at
500 °C for 5 h. The preparation route of Al,03-MB-TiO,(x) has been
described in elsewhere. H-MB powder was dispersed uniformly in
deionized water, the obtained suspension was added dropwise into
the pseudoboehmite sol. Subsequently, a part of the sol mixture was
transferred and stirred vigorously in a water bath at 75 °C until the
mixture became a viscous paste; and titanium-sol (made from the
tetra-n-butyl-titanate, ethanol, nitric acid and deionized distilled
water with the molar ratio of 1:15:0.3:3) was dripped into another
part of sol under the drastic stirring condition to form the gel and
further stirred vigorously in a water bath at 75 °C until the mixture
became viscous paste. Then the obtained gels were dried at 120°C
for 4h, calcinated at 550°C for 4 h. The obtained supports were
designed as AMBTXx, the weight ratio of Al,03 and H-MB was kept
as 2.1:1 in all AMBTx supports, where x is denoted as TiO, weight
ratio in the AMBTx supports. These supports were ready for metal
impregnation.

2.2. Preparation of supported NiW catalysts

The supported NiW catalysts were prepared by using co-
impregnation and incipient-wetness impregnation method with
an aqueous solution of the appropriate amounts of ammonium
metatungstate hydrate [(NH4)gW72039-H,0] and nickel nitrate
hexahydrate [Ni(NO3),-6H,0]. After impregnation, the catalyst
precursors were dispersed in an ultra-sonic unit for 30 min. Then
the prepared samples were dried at 110°C for 12 h, and calcined

at 500°C for 4 h. All the catalysts were prepared with the constant
loadings of W and Ni (corresponding to 27 m% of W03 and 3.5 m%
of NiO, respectively).

2.3. Catalyst characterization

Porosity and surface area measurements of samples were per-
formed on a Micromeritics ASAP 2020 automated gas adsorption
system. All the samples were outgassed at 350°C under vacuum
prior to N adsorption at —196°C. Mercury porosimetry exper-
iments were carried out on a Micromeritics AutoPore IV 9500
apparatus in the pressure range 0-30,000 psia. The UV-vis diffuse
reflectance spectra (DRS) experiments were performed on a Hitachi
U-4100 UV-vis spectrophotometer with the integration sphere dif-
fuse reflectance attachment. The powder samples were loaded in
a transparent quartz cell and were measured in the region from
200 to 800 nm under ambient conditions using BaSO,4 standard
reflectance as the baseline for the catalyst measurement. X-ray
powder diffraction (XRD) profiles were recorded in an XRD-6000
diffractometer using Cu Ka radiation under 40kV, 30 mA, scan
range from 5° to 80° at a rate of 4°min~'. Afterwards, H,-TPR
was carried out using 10% hydrogen in argon at a constant flow
rate of 40 mLmin~!, from room temperature to 1000 °C, at a heat-
ing rate of 10°Cmin~!. The acidic property of the catalyst was
determined by temperature-programmed desorption of ammo-
nia (NH3-TPD). The experiments were carried out in the range of
120-600°C in a fix-bed flow microreactor. The molecules desorp-
tion from sample were monitored on-line by a TCD. Prior to the
NH3-TPD experiments, sample (200 mg) was outgassed at 500°C
for 1h in a flow of dry helium (30 mLmin~'). Subsequently, sam-
ple was cooled down to 120 °C and saturated for about 30 min in a
flow of NH3 (40 mLmin~1). Then, sample was purged in a helium
flow until a constant baseline level was attained. Desorption was
carried out with a linear heating rate (10°Cmin~!) in a flow of
He (40 mLmin~!). HRTEM measurements of the sulfided catalysts
were carried out on a Tecnai G2 F20 transmission electron micro-
scope (Philips) operated at an accelerating voltage of 200kV. The
catalysts were sulfided with a 2m% CS,/cyclohexane mixture at
320°C for 6 h and placed in cyclohexane before measurement. The
XPS spectra of the samples were taken on an ESCA Lab 220i-XL elec-
tron spectrometer (VG) using 300 W Mg Ka radiation. The binding
energies were corrected by using the C1s peak at 284.6 eV as ref-
erence. The characterization of diffuse reflectance infrared Fourier
transform (DRIFT) measurements used NO as a probe molecule to
study the distribution of coordinatively unsaturated sites (CUS).
The catalysts were sulfided with a 2m% CS;/cyclohexane mix-
ture at 320°C for 6 h, and were loaded in the IR shell and flashed
He at 150°C for 30 min, then cooled to room temperature. 5%
NO/He mixture flew over the sample for 30 min to reach the bal-
ance of NO adsorption, subsequently turned to He flow for 30 min.
FT-IR spectra of NO were collected at room temperature using
FTS-3000 spectrophotometer manufactured by American Digilab
company.

2.4. HDS activity measurement

HDS performance was evaluated in a high-pressure fixed-bed
reactor with 2g of catalyst (grain sizes of 0.3-0.5mm). All the
catalysts were presulfided for 6 h with a 2m% CS,-cyclohexane
mixture under the conditions of LHSV (Liquid Hoursly Space Veloc-
ity) of 1.0h~!, temperature of 320°C, total pressure of 4 MPa and
a H,/cyclohexane ratio of 600 mLmL~1. HDS tests of diesel were
carried out under the conditions of 350°C, 5.0 MPa, 600 mL-mL™!
and 1.0 h~1. Catalytic activities were measured at steady states after
13 h on-stream.
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Table 1
Specific surface areas, pore volumes and pore diameters of NiW/AMBT catalysts.

Samples TiO,/m% Sper/m2 gt Vg /cm?® g! Average pore
diameter/nm
NiW/AMB 0 194.10 0.22 3.70
NiW/AMBT2 2 171.73 0.20 3.61
NiW/AMBT5 5 172.77 0.22 3.78
NiW/AMBT9 9 174.37 0.23 3.83
NiW/AMBT14 14 172.40 0.22 3.67
NiW/AMBT24 24 164.83 0.21 3.78

The total sulfur content in the feed and products was measured
by using a LC-4 coulometric sulfur analyzer system. The distri-
butions of sulfur species in feed and products were identified by
Finnigan Trace GC/MS with a Trace Ultral gas chromatograph using
a HP-5MS (30 x 0.25 x 0.25) capillary column and a pulsed flame
photometric detector (PFPD). The catalytic activity under investi-
gation was estimated by the HDS efficiency.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. N adsorption

The textural properties and pore size distributions of catalysts
are typically shown in Table 1. Compared with NiW/AMB catalyst,
the specific surface areas of NI\W/AMBT catalysts decrease after the
TiO,, is introduced to the NiW/AMB catalyst due to the low surface
area of TiO,, while there is no apparent changes when TiO, weight
content is below 14%, and when TiO, weight content is as higher
as 24%, the specific surface areas of NiW/AMBT catalysts decrease
sharply. However, the addition of TiO, only has a slight effect on
the pore volumes and average pore diameters.

3.1.2. XRD

Fig. 1 presents the XRD patterns of NiW/AMBT series catalysts.
The characteristic diffraction peaks of y-Al;03 appear in all the
spectra of oxide catalysts, either do the characteristic diffraction
peaks of MB. With the increasing of TiO, contents, the diffraction
peak intensities of MB and vy-Al,03 decrease. No XRD diffrac-
tion peaks assigned to crystallines of NiO or NiAl,04 are found
in the oxide catalysts. In fact, for NiW/AMBT14 and NiW/AMBT24
catalysts with higher TiO, contents, the characteristic peaks corre-
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Fig. 1. XRD patterns of NiW/AMBT catalysts: (a) NiW/AMB; (b) NiW/AMBTS5; (c)
NiW/AMBT9; (d) NiW/AMBT14; (e) NiW/AMBT24.

300, - 322

28

F(R)

200 300 400 500 600 700 800
Wavelength/nm

Fig. 2. The UV-vis DR spectra of different catalysts. (a) NiW/Al,03; (b) NiW/AMB;
(c) NiW/AMBTO.5; (d) NiW/AMBT2; (e) NiW/AMBT5; (f) NiW/AMBTY; (g)
NiW/AMBT14.

sponding to WO5 are observed by XRD. The existence of bulk WO3
means a lower dispersion degree of active metals and will decrease
the hydrodesulfurization activity of the catalysts, which is affirmed
by the hydrodesulfurization results. XRD analysis also shows the
presence of anatase TiO, on NiW/AMBT catalysts.

3.1.3. UV-vis DRS

The UV-vis DR spectra was applied to determine the structures
of supported NiW catalysts in the 200-800 nm region. In Fig. 2, it
can be noted that, compared with NiW/Al, O3, the NiIW/AMBT series
catalysts show broad absorption bands from 230 to 320 nm [18,19].
The band at about 260-340nm is ascribed to the ligand-metal
charge transfer: 02~ — W%* in W-0-W bridge-bonds in polymeric
structures [18,19]. The band around 230-280nm is attributed to
tetrahedron or octahedron tungstenic species. The band around
280-340nm is assigned to tungstic oxide and octahedron tung-
stenic species which make it more easy for the formation of
coordinatively unsaturated species or sulfur vacancies and thus it
is in favor of HDS reaction [18,19]. From Fig. 2, comparing the peak
intensities around 300 nm with each others, which are attributed
to the octahedron tungstenic species, one can find that NiW/AMBT
catalysts show higher relative intensities than those of NiW/Al,03
and NiW/AMB catalysts. The differences between the peak inten-
sities imply that the NiW/AMBT catalysts form more octahedron
tungstenic species than NiW/Al; 03 and NiW/AMB, suggesting that
the NiW/AMBT catalysts may be easier to form type II active phase
of WS, with higher HDS activity after sulfidation, since octahedron
tungstenic species are the precursors of type Il WS,. And it can be
inferred that NiW/AMBT catalysts maybe show higher hydrogena-
tion activity.

Another characteristic absorption band in the UV-vis spectra of
the catalysts is the broad band in the region from 440 to 800 nm
region, which is due to d-d transitions of octahedrally coordinated
Ni2*[20,21]. With the increase of TiO, content in the catalyst, the
intensities of the bands around 440 nm increase and shift to high
wavelength, indicating an enhanced incorporation of nickel with
tungsten to produce Ni-W-0 species [22-24], which are the pre-
cursors of Ni-W-S phase.

The changes in the positions and intensities of the bands in the
spectra of the supported NiW oxide catalyst may be due to the
differences of the strength of interaction between nickel, tungsten
species and the supports.



524 G. Wan et al. / Catalysis Today 158 (2010) 521-529
Table 2
XPS results of the sulfided catalysts.
f" CatalyStS W+4sul /Wtotal Nisul/Nilotal
/ NiW/Al,03 0.42 0.58
) / f NiW/AMB 0.50 0.62
= / NiW/AMBT5 0.53 0.71
K NiW/AMBT9 0.69 0.70
Py NiW/AMBT14 0.62 0.66
= NiW/AMBT24 0.64 0.68
o
£
two intense peaks of NIW/AMBT catalysts shift toward lower tem-
peratures with the increase of TiO, contents, implying that metal
oxide species over the NiW/AMBT catalysts have weaker interac-
tion with the AMBT supports than that over Al, O3 or AMB supports.
It is known that the strong interaction between W species and sup-
v ports leads to the formation of more stable type of W4* species.

200 300 400 500 600
Temperature /°C

Fig. 3. NH3-TPD profiles of different catalysts. (a) NiW/Al,03; (b)NiW/AMB; (c)
NiW/AMBTS5; (d) NiW/AMBT9; (e) NiW/AMBT14; (f) NiW/AMBT24.

3.1.4. NH3-TPD

NH3-TPD of the supported NiW oxide catalysts are shown in
Fig. 3. It is observed that the shapes of the corresponding desorp-
tion curves are parallel, suggesting similar distributions of acidic
sites over NiW/Al,03, NiW/AMB and NiW/AMBT series catalysts.
The analysis results of NH3-TPD confirm that those supported NiW
catalysts, of which the AMBT composite supports containing TiO,
and MB were used as supports have large amounts of weak acid
(around 110°C) and small amounts of middle strong acid (around
300°C)sites, which would facilitate the HDS reactions and avoiding
over-cracking of diesel oil.

3.1.5. H,-TPR

The H,-TPR profiles of the supported NiW oxide catalysts are
shown in Fig. 4. The TPR profiles of all the supported NiW oxide
catalysts show two principal reduction peaks in the temperature
ranges of 600-800°C, and 800-1000°C, respectively. The broad
peak at high temperature can be assigned to the superimposed
reduction of tetrahedrally coordinated tungsten species and nickel
species and the low temperature peak can be ascribed to the reduc-
tion of polymeric octahedral tungsten species [25-27]. Moreover,
compared with NiW/Al, O3 and NiW/AMB catalysts, the locations of

Intensity/a.u.

The less polarized bonds of polytungstates are more easily reduced
than those of the species directly bonded to support. Therefore, the
addition of TiO, has tuned the metal-support interactions, which
causes easier reduction of nickel and tungsten species.

3.1.6. XPS

X-ray photoelectron spectroscopy has been used in order to
obtain valuable information about the electronic nature of nickel
and tungsten surface species on the state of sulfide phase. As for
the curve fitting profiles of the XPS spectra in Fig. 5, a doublet peak
appears at 34.4 and 32.5eV, which are the typical characteristics
of tungsten sulfide (WS,) [28]. In the Ni 2p3/2 spectra (Fig. 6), the
peak at 853.8 eV is assigned to nickel sulfide species, and that of
856.6 eV is attributed to nickel oxide species [29-31]. The bands at
ca. 862 eV are satellite peaks. The degree of sulfidation of W or Ni
species is determinded from the curve fitting, based on the equa-
tion of Msyifide/Miotal = Wsulfide/(Moxide * Msuifide ) M=W or Ni. The
results (see Table 2) show that the sulfidation degrees of W species
and Ni species in both NiW/AMB and NiW/AMBT catalysts are much
higher than that of NiW/Al, 03, which may be due to the difference
in the interactions of metal species with the support in different
catalysts. High sulfidation degree may lead to higher HDS activity
[32,33].

3.1.7. HRTEM

The representative HRTEM images of the sulfided NiW catalysts
are shown in Fig. 7. The dark WS, crystallites fringes are visualized
in the HRTEM images. Multi-layered WS, slabs are mostly observed
in NiW/AMB and NiW/AMBT series catalysts unlike the one-layer
slabs exhibited in NiW/Al,O5 catalyst.

Based on statistical analysis results in 15 images including about
280slabs which were taken from the different areas of each catalyst,
average lengths and stacking numbers of the WS, slabs over the
supported NiW catalysts are presented in Table 3. Compared those
results of NiW/Al, 03 and NiW/AMB with those of NiW/AMBT series
catalysts, the longer WS, slab lengths and higher WS, layer num-
bers are found in the latters. It is probably related to the different
textures of the supports, due to the addition of MB and TiO,. High
WS, stacking degree in sulfided catalysts will lead to the formation
of type IIWS, phase [33,34], which possesses higher hydrogenation
activity than type I WS, phase.

3.1.8. NO-DRIFT
The surface structure of sulfided NiW catalysts are characterized
by means of diffuse reflectance infrared Fourier transform (DRIFT)

100 260 3'00 ‘;00 5'00 6;)0 7'00 E;OO S;OO 1'000 et measurements using NO as a probe molecule to study the distribu-
N isotherm tion of coordinatively unsaturated sites (CUS). The DRIFT spectra
Temperature/'C

Fig. 4. H,-TPR profiles of different catalysts. (a) NiW/Al,03; (b)NiW/AMB; (c)
NiW/AMBT2; (d) NiW/AMBTS5; (e) NiW/AMBTY; (f) NiW/AMBT14; (g) NiW/AMBT24.

of NO adsorbed on sulfided NiW catalysts are shown in Fig. 8. The
1710 and 1785cm~! bands are attributed to the contributions of
NO absorbed on WS, and the band at 1840cm™"! is the charac-
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Fig. 5. WA4f XPS spectra of the sulfided catalysts with different amounts of titanium. (a) NiW/Al,0s; (b) NiW/AMB; (c) NiW/AMBTS5; (d) NiW/AMBT9; (e) NiW/AMBT14; (f)
NiW/AMBT24.

Table 3

Average slab length and stacking number of WS2 in the sulfided catalysts with different amounts of titanium.
NiW/Al, 03 NiW/AMB NiW/AMBT5 NiW/AMBT9 NiW/AMBT14 NiW/AMBT24
L/nm 4.1 9.4 9.0 8.9 9.5 9.7
2.8 3.0

N 1.8 3.1 2.7 2.4
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Fig. 6. Ni2p XPS spectra of the sulfided catalysts with different amounts of titanium. (a) NiW/Al,03; (b) NiW/AMB; (c) NIW/AMBTS5; (d) NiW/AMBT9; (e) NiW/AMBT14; (f)

NiW/AMBT24.

teristic of NO adsorbed on sulfide Ni2* species [35,36]. It can be
seen that the intensities of the bands at 1710 cm~! for NiW/AMBT5
and NiW/AMBT9 catalysts are relatively higher than those of the
other catalysts. These observations imply that NiW/AMBT5 and
NiW/AMBTO catalysts maybe possess more CUS, which can achieve
high HDS activity.

3.2. Catalytic activity

The diesel HDS results are exhibited in Fig. 9 and Table 4. Com-
pared with NiW/Al, O3, its HDS efficiency equals to 97.5%, the HDS

activities of NiW/AMB, NiW/AMBT5 and NiW/AMBT9 series cata-
lysts increase by 1.2%, 1.8% and 2.2%, respectively. So the optimal
TiO, content is 9m¥% in the composite AMBT supports, and the
sulfur content is below 10 ppm obtained under the operation con-
ditions of 350°C, 5MPa, 1 h~! and 600 mL/mL, which can meet the
Euro V fuel specification of ultra clean diesel.

From Table 4, the sulfur distributions imply that alkyl-
substituted DBT compounds are mainly retained compounds in the
products. NiW/AMBT5 and NiW/AMBT9 exhibit higher HDS con-
versions of alkyl-substituted DBT than NiW/Al, O3, it is obvious that
the addition of suitable amounts of MB and TiO, to the catalyst sup-
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port leads to higher HDS catalytic activities than the conventional
alumina-supported counterpart.

The increase in HDS activity of NiW/AMBT catalysts is likely
due to the synergy effect, which seems to be related to the mutual
interaction of metal species, Al,03, MB and TiO,.

It can be infered that the addition of acidic MB zeolite in
NiW/AMBT catalysts improve the hydroisomerization and dealky-
lation activities, and the refractory sulfur compounds such as
4,6-DMDBT can be effectively converted into sulfur-free products
due to the reduction of steric hindrance through the dealkylation

and transalkylation [14,15]. And the appropriate amount of zeolite
added in the AMBT catalyst will not cause over-cracking according
to the analysis results of NH3-TPD.

The additions of MB and TiO, reduce the interaction between
the metal components and the support, and tune the redox
properties and/or sulfidation abilities of the catalysts, as can
be seen from the characterization results of TPR and XPS. The
sulfidation extents of tungsten increase in NiW/AMBT series cat-
alysts, which could be beneficial to improve the HDS activities
[32,33].

Fig. 7. The HRTEM images of the sulfided catalysts with different amounts of titanium. (a) NiW/Al,Os; (b) NiW/AMB; (c) NiW/AMBTS5; (d) NiW/AMBT9; (e) NiW/AMBT14;

(f) NiW/AMBT24.
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Table 4

The sulfur compounds in feed and in products after HDS over NiW/Al, 03, NiW/AMB, NiW/AMBT9 catalysts.

Sulfur compound Feed/pgg™! NiW/ALLO3/pugg! NiW/AMB/pgg! NiW/AMBT9/p.gg!
BT 28.8 - - -

C1-BT 145.2 - - -

C2-BT 249.5 - - -

=2C3-BT 345.2 - - -

DBT 53.8 - - -

C1-DBT 135.1 - - -

C2-DBT 146.2 11.8 8.0 2.7

>C3-DBT 196.3 204 8.7 1.2

Total 1300 32.2 16.7 3.9

From HRTEM results, NiW/AMBT catalysts show much higher
WS, slab sizes and layers than those of NiW/Al,0s3. It is believed
that multi-layered WS, slabs may provide a higher density of CUS
and more edge sites compared with single-layered slabs, and thus

Absorbance/a.u.

1600 1800 2000 2200
Wavenumber/cm”
Fig. 8. DRIFT spectra of NO adsorbed on the sulfided catalysts with differ-

ent amounts of titanium. (a) NiW/Al,03; (b) NiW/AMB; (c) NiW/AMBTS5; (d)
NiW/AMBTY; (e) NiW/AMBT14; (f) NiW/AMBT24.

100

98

96 <

94 -

HDS efficiency/%

a b c d e f g
Catalysts
Fig. 9. HDS efficiencies of FCC diesel over the sulfided catalysts with differ-

ent amounts of titanium. (a) NiW/Al,03; (b) NiW/AMB; (c) NiW/AMBT1; (d)
NiW/AMBT5; (e) NiW/AMBT9; (f) NiW/AMBT14; (g) NiW/AMBT24.

the high stacking numbers of WS, slabs can enhance the HYD activ-
ity [37].

After the addition of MB and TiO, to Al,03 support, the sul-
fidation degree of W species and the WS, slab sizes increase
significantly, which facilitate the hydrogenation performance of
NiW/AMBT catalysts. It seems that there exist a compromise
between WS, slab sizes and stacking degree for achieving opti-
mal catalyst performance. Moreover, the increase in hydrogenation
performance of the NiW/AMBT5 and NiW/AMBT9 catalysts could
be derived from the electronic promotion effect of TiO,. The tita-
nia acted as promoters of the W phase give rise to a synergy effect,
which seems to be related to the electronic properties of the par-
tially reduced and/or sulfided TiO, surface and, in particular, to the
presence of Ti>* ions [38,39]. Ti3* maybe the “electronic promoters”
for the active W sulfide phases and more easily favors the forma-
tion of CUS or sulfur vacancies, as a result, the HDS activity could
be greatly promoted [40].

4. Conclusions

The additions of MB zeolite and TiO, tune the interaction
between W species and the support, and improve the sulfidation
extent of active metals. The incorporation of acidic zeolite and/or
electronic promoter into the composite support leads to a longer
lengths and a higher stacking numbers of the WS, slabs, which
facilitates the formation of more active type II sites with higher
hydrogenation reactivity. N\W/AMBT9 catalyst shows the highest
HDS efficiency of 99.7%, and the sulfur content in product can meet
the Euro V fuel specification of ultra clean diesel.
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