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The effect of Si/Al ratio of the starting NaY on hydro-upgrading catalyst performance for LCO was studied.
Y type zeolite modified from higher Si/Al ratio of the starting NaY also had higher framework Si/Al ratio.
Three catalysts of W-Ni supported on different modified Y type zeolites and Al2O3 were prepared by
impregnation method. The catalysts were characterized by XRD, BET, DRS and HRTEM, and evaluated
i/Al ratio
aY
ype II phase
ydro-upgrading catalyst

with a micro-reactor using tetralin as a model compound and a 100 ml hydrogenation test unit using
FCC LCO as feedstocks. By contrast, tungsten supported on Y type zeolite modified from higher Si/Al
ratio of the starting NaY zeolite had more type II active phase and WS2 is highly stacked, exhibiting the
weak interaction with Al2O3 and should have higher activity. The revaluation results revealed that the

er Si/A
ance
catalyst prepared by high
hydro-upgrading perform

. Introduction

With the growing demand for diesel fuel, the proportion of the
luid Catalytic Cracking (FCC) in the diesel pool increases greatly.
owever, high aromatics content in FCC LCO (Light Cycle Oil)

owers diesel fuel quality, especially cetane number, and brings
bout the formation of undesirable emissions in exhaust gases from
iesel engines. As a result of the gradual change to more stringent
nvironmental regulations, much attention has been paid to the
eep reduction of aromatics in diesel distillate. Under such cir-
umstances, there is considerable interest in the development of
ew catalysts for aromatic hydrogenation [1–3]. Extensive stud-

es have revealed that the addition of acidic components into the
raditional alumina-supported hydrotreating catalysts can greatly
nhance their hydrodearomatization (HDA) activities [4,5]. The
ntrinsic activity of the catalysts can be enhanced by support-
ng the metals on a strongly acidic, high surface area support,
.g., zeolite Beta or Y [6–8]. Supports with varying acidity can
nfluence the activity for dealkylation or C–C bond scission [9].
mong the acidic components, Y type zeolite is the most stud-
ed and widely commercially applied [10–12]. In addition, as
he bifunctional catalyst, the dispersion of hydrogenation metal
ctive phases is crucial to HDA catalyst activity. The CoMoS(NiWS)
odel, in which Co(Ni) decorates the edge sites of highly dispersed

∗ Corresponding author. Tel.: +86 10 89733369; fax: +86 10 89733369.
∗∗ Corresponding author. Tel.: +86 532 86981856.

E-mail addresses: zfyancat@upc.edu.cn (Z. Yan), baojian@cup.edu.cn (B. Shen).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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l ratio of the starting NaY zeolite has higher tetralin conversion and better
for FCC LCO.

© 2010 Elsevier B.V. All rights reserved.

MoS2 (WS2) crystallites, has been accepted as the catalytically
active phase in Co-Mo(Ni-W) sulfide catalysts [13–15]. Based on
their catalytic activities, there are two types of the CoMoS(NiWS)
phase, namely CoMoS(NiWS) Type I and CoMoS(NiWS) Type II.
It is suggested that the CoMoS(NiWS) Type I is related to highly
dispersed single slab MoS2(WS2) particles maintaining their inter-
actions with the support, e.g., Mo–O–Al bonds, while CoMoS(NiWS)
Type II is related to less dispersed MoS2 particles mainly stacked
and not linked with the support, the latter showing a higher
intrinsic activity for HYD than the former. Consequently, in order
to increase catalyst activities, we need to control the interac-
tions between the support surface and active phases to obtain
enhanced stackings of MoS2(WS2) particles keeping their disper-
sion high.

The goal of our research is to improve the qualities of the
cracked diesel components (LCO), mainly to decrease the num-
ber of aromatics and increase the cetane index for a premium
diesel fuel production using different Y type zeolites as cracking
component for hydro-upgrading catalysts. Comparisons between
hydro-upgrading catalysts using Y type zeolite acidic component
modified from different Si/Al ratio starting NaY are not well-
documented. Vradman et al. concluded that silica supported WS2
[16] displayed higher stacking number and dearomatization per-
formance compared with �-Al2O3 supported sulfides, so different

Si/Al ratio of Y type zeolites may play an important role in dis-
persion of active phases and catalytic activity of hydro-upgrading
catalyst. In this study, we examined the effect of Si/Al ratio of the
starting NaY on the catalytic activity of hydro-upgrading catalyst
performance.

dx.doi.org/10.1016/j.cattod.2010.05.041
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:zfyancat@upc.edu.cn
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. Experimental

.1. Different Si/Al ratio NaY modification

Three USY samples, USY1, USY2 and USY3 were obtained with
tarting NaY1, NaY2 and NaY3 zeolites of Si/Al ratios 3.8, 4.5 and 5.5
espectively by the same modified methods. The modified proce-
ures are as follows: USY1, USY2 and USY3 were prepared by NH4

+

xchange of NaY1, NaY2 and NaY3 using a 2.0N aqueous solution
f NH4Cl at 80 ◦C for 2 h under agitation, followed by washing until
bsence of Cl−, drying at 100 ◦C overnight. Then samples were sub-
itted to a steaming treatment at 600 ◦C for 6 h. Finally, the samples
ere calcined in the dry air at 550 ◦C for 3 h.

.2. Catalyst preparation

Three Ni-W type catalysts, CAT-1, CAT-2 and CAT-3 were pre-
ared with the same metal loadings of WO3 and NiO. CAT-1, CAT-2
nd CAT-3 were prepared by pore volume co-impregnation the
xtrudates of USY1, USY2 and USY3 separately and �-alumina
arrier even mixture with an aqueous solution of nickel nitrate
exahydrate and ammonium metatungstate, followed by drying at
93 K for 4 h and calcinating at 783K for 4 h. All the catalysts have
fixed amount of each component, namely, the contents of Y type
eolite and Al2O3 were 21 wt% and 51 wt% respectively.

.3. Characterization

.3.1. X-ray diffractometer (XRD)
NiO, WO3, CAT-1, CAT-2 and CAT-3 catalysts were characterized

sing Rigaku D/max-2500/pc X-ray diffractometer and Cu K� radi-
tion, voltage of 40 kV, electrical current of 200 mA. The data were
ecorded with 0.02◦ step size, 2 s at every step.

The relative crystallinity and unit cell parameters of zeolites
ere calculated from XRD patterns that were recorded with a

IMADU XRD6000 diffractometer and Cu K� radiation (0.1542 nm,
0 kV and 40 mA). The zeolite powder was packed in the cavity of
XRD sample holder made of glass. Then the holder was kept in a

losed vessel containing a saturated CaCl2·6H2O solution for 16 h
o make the moisture in the sample at constant. The relative crys-
allinity was estimated by comparing the peak intensities of the

odified sample with standard NaY sample. The total intensities
f the eight peaks assigned to (3 1 1), (5 1 1, 3 3 3), (4 4 0), (5 3 3),
6 4 2), (8 2 2, 6 6 0), (5 5 5, 7 5 1) and (6 6 4) reflections were used
or the comparison according to the following equation:

i = XR

(
˙Ai

˙AR

)

R: the crystallinity of the standard NaY provided by Lanzhou cata-
yst company of Petrochina;

∑
Ai: the sum of eight peaks area of Y

ype zeolites to be determined;
∑

AR: the sum of eight peaks area
f standard NaY sample.

The unit cell parameters were calculated from the (5 5 5) reflec-
ion peak position that were determined using reflection peak
f the silicon powder (2� = 28.443◦) as an internal standard. The
ramework Si/Al ratio was obtained from the calculated unit cell
arameters by using Breck–Flanigen equation [17].

.3.2. BET (N2 physisorption)
Nitrogen adsorption/desorption measurements were per-

ormed on an Tristar 3000 type surface area and pore structures

nstrument of American Mike Instrument Company. Before adsorp-
ion, the samples were calcined at 823 K for 4 h. Powder samples
f 30–40 mg were degassed in a sample preparation station under
73 K and a vacuum of 1.33 × 10−3 Pa for 15 h, then switched to
he analysis station for adsorption and desorption at 77 K in liquid
y 158 (2010) 409–414

nitrogen. Surface area was calculated with the multipoint BET equa-
tion with linear region in the P/P0 range of 0.05–0.35. Pore volume
was calculated from the maximum adsorption amount of nitrogen
at P/P0 = 0.99.

2.3.3. Diffuse reflectance spectra (DRS)
Diffuse reflectance spectra of three catalysts were recorded

using corresponding support as reference on a Hitachi U-4100 Spec-
trophotometer.

2.3.4. High-resolution transmission electron microscopy (HRTEM)
High-resolution transmission electron microscopy (HRTEM)

images of the sulfided catalysts were obtained on a Philips Tecnai
G2 F20 transmission electron microscope operated at an acceler-
ating voltage of 200 kV. The catalysts were sulfided with a 10 vol.%
CS2/cyclohexane mixture at 330 ◦C and 4 MPa for 4 h and kept in
cyclohexane before measurement. For WS2 on the catalysts, the
average number of layers per slab and average length of slabs were
calculated from the measurement of about 200 crystallites with the
following equations.

Average slab length L̄

=
∑n

i=1nili∑n
i=1ni

and average number of layers N̄ =
∑n

i=1niNi∑n
i=1ni

where li is the length of the slab, ni is the number of the particles
with the li length or Ni layers, and Ni is the number of layers in the
particle i. On the basis of 4–5 TEM images taken at different areas of
one sample, the WS2 slab length was measured manually and the
average length of the WS2 slab was calculated.

2.4. Catalytic activity evaluation

2.4.1. Hydrogenation of tetralin
Since monoaromatics are predominant among the possible aro-

matic compounds in the FCC LCO, tetralin has been used as a probe
molecule which is able to diffuse into the supercages of zeolite Y
[18,19]. So tetralin was chosen as the model compound for hydro-
upgrading catalysts activity evaluation. The catalytic experiments
were performed on a micro-reactor. The system consisted of liq-
uid and gas feeding sections, a high-pressure reactor, a heater with
a temperature controller for precisely controlling the temperature
of the catalyst bed and a high-pressure gas–liquid separator. The
reaction was carried out at temperatures of 320 ◦C and 360 ◦C in
H2 at a total pressure of 4.0 MPa. Before each catalytic run, the cat-
alyst was sulfided with 10 vol.% CS2 dissolved in n-decane and at
340 ◦C for 4 h. The reactor was then brought to the reaction tem-
perature and pressurized to 4 MPa. The liquid hourly space velocity
(LHSV) and H2 to hydrocarbon ratio were maintained at 1.8 h−1

and 400, respectively. The reaction time was 7 h. The tetralin feed
was diluted with n-decane at a weight ratio of 10:90. The liquid
products were collected and were identified by using GC–MS and
quantified by a Varian 3400 GC. The GC was equipped with a DM-5
capillary column (30 m × 0.25 mm × 0.32 �m). The HDA activity of
tetralin was calculated as follows:

Tetralin conversion (%) =
[

(Tfeed − Tproduct)
Tfeed

]
× 100

where Tfeed and Tproduct denote the tetralin content in the feed and
product.
2.4.2. Hydrogenation of FCC LCO
In contrast with FCC LCO, tetralin is free of sulfur and nitro-

gen impurities, sulfur and nitrogen compounds are considered to
be poisons for metal catalysts and can influence the activity of
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Table 1
Si/Al ratio and relative crystallinity of NaY and USY.

Samples Framework Si/Al ratio Relative crystallinitya (%)

NaY1 3.8 95
NaY2 4.5 94
NaY3 5.5 96
USY1 22.3 74
USY2 26.5 81

h

h
n
(
a
t
w
d
o
s
c
i

A

w
a

3

3

a

c
i
d
c
w

T
2
2
w
s
d
t
(
a
p
C
r
t
i
i
t

Fig. 1. XRD patterns of CAT-1, CAT-2 and CAT-3.

T
P

USY3 31.4 90

a The NaY zeolite sample was provided by Lanzhou company of Petrochina, which
ad a defined crystallinity, and was used as the standard for crystallinity comparison.

ydrotreating catalysts. The evaluation results for tetralin may
ot be persuasive, therefore hydro-upgrading of Daqing FCC LCO
aromatics content: 56.9 vol.%) over CAT-1 CAT-2 and CAT-3 was
lso conducted on 100 ml continuous flow fixed-bed hydrogena-
ion test units and single-stage, one catalyst, once-through process
as adopted. The total aromatic contents of the feedstocks and
iesel products were determined by the standard method of flu-
rescence indicator adsorption (FIA). The catalysts were sulfided in
itu before evaluation, sulfidation oil was a kind of straight kerosene
ontaining 2 wt% CS2. HDA activity of three catalysts was expressed
n terms of aromatics conversion:

romatics conversion (%) =
[

(Afeed − Aproduct)
Afeed

]
× 100

here Afeed and Aproduct denote the aromatics content in the feed
nd product.

. Results and discussion

.1. XRD

Framework Si/Al ratio and relative crystallinity of NaY and USY
re listed in Table 1.

Table 1 summarizes the results that Si/Al ratios and relative
rystallinity of USY increase as starting NaY zeolite Si/Al ratios
ncrease, which indicates hydrothermal stability of USY zeolites is
ifferent. The higher zeolite Si/Al ratio, the higher zeolite relative
rystallinity, the more stable the structure of the zeolite [20,21],
hich is in great agreement with the following XRD patterns.

The XRD profiles of the oxidic samples are shown in Fig. 1.
he characteristic diffraction peaks of WO3 (2� = 23.1◦, 23.6◦ and
4.4◦) and NiO (2� = 37.3◦ and 43.4◦) did not appear in CAT-1, CAT-
and CAT-3. This means that the tungsten and nickel oxidic species
ere either completely amorphous or composed of crystallites

maller than 4 nm [22,23]. WO3 and NiO were considered evenly
istributed on the surface of the support. The characteristic diffrac-
ion peaks of �-Al2O3 (2� = 37.2◦, 45.9◦, and 66.8◦) and Y type zeolite
2� = 12◦, 16◦, 19◦, 20◦ and 24◦) appeared in all samples. Three cat-
lysts have the same peak position. CAT-2 and CAT-3 have similar
eak intensity, but CAT-1 has lower peak intensity than CAT-2 and
AT-3, this evidence suggests the removal of framework aluminum

esulted in a less ordered framework structure and a contraction in
he lattice, consistent with the results of Ref. [24], and NaY1 is eas-
ly removal of framework aluminum than NaY2 and NaY3, this is
n consistent with basic properties mentioned in Table 1 of three Y
ype zeolites.

able 2
ore structures of USY1, USY2 and USY3.

Zeolites BET surface area (m2/g) Meso pore surface area (m

USY1 613 124
USY2 630 119
USY3 622 121
Fig. 2. DRS spectra of (a) CAT-1, CAT-2 and CAT-3.

3.2. Pore structures of USY1, USY2 and USY3

According to N2 adsorption/desorption analysis of USY1, and
USY2 and USY3 in Table 2, mesopore structures of Y type zeolites
were produced after modification, which made catalysts be suit-
able for hydrotreating large molecule feed oil, such as aromatics
hydrocarbon. Three USY zeolites had no significant essential dif-
ferences in their fundamental pore structures, irrespective of the
starting NaY zeolites used.

3.3. DRS

In previous literature [25], the authors analyzed Ni2+ state on
the supports of P-Ni-W/Al2O3 catalysts, they thought that bands

at 580 nm and at 640 nm in the DRS spectrum of P-Ni-W/Al2O3
catalysts were assigned to Ni2+ in NiAl2O4, which is a kind of inac-
tive nickel spinel. The diffuse reflectance spectra of CAT-1, CAT-2
and CAT-3 are presented in Fig. 2., no obvious peaks at 580 nm and
640 nm are found in the spectra of three catalysts ascribed to the

2/g) Total volume (ml/g) Micro pore volume (ml/g)

0.33 0.24
0.36 0.25
0.34 0.22
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resence of tetrahedrally coordinated Ni2+ ions in a spinel-type
iAl2O4 in the spectra of NiW/Al2O3. But it can be clearly seen

hat the band around 420 nm, characteristic of octahedrally coor-
inated Ni2+ ions, revealing an enhanced incorporation of nickel
ith tungsten producing Ni-W-O species [26]. Additionally, it can

e concluded that the Ni2+ ions are liable to be octahedrally coor-
inated on the composite support USY/Al2O3, due to the modifying
ffects of USY on alumina, which impedes inactive nickel spinel
ormation effectively, facilitating the promotion effect of nickel on
ungsten. The curves of three catalysts are almost identical, so the
romotion effect of nickel had no big difference on three catalysts.

.4. HRTEM

The representative HRTEM micrographs of the three sulfided
atalysts are given in Fig. 3. The slab length (Fig. 4A) and layer
umber (Fig. 4B) distributions are illustrated in Fig. 4. It can be
een that CAT-3 significantly increases the fraction of the WS2 slabs
arger than 7 nm compared with CAT-1 and CAT-2, with the average
ength of the WS2 slabs increasing from 4.84 nm for catalyst CAT-1
nd 5.09 nm for CAT-2 to 5.71 nm for catalyst CAT-3. This indicates
hat the dispersion of the active phase WS2 is greater on catalyst
AT-3 than on catalyst CAT-1 and CAT-2. As shown in Fig. 3., the
S2 slabs on CAT-3 are more stacked than those on CAT-2 and

AT-1, because weaker support-O-WS2 bonds can be more easily
leaved, and thus highly stacked WS2 particles are formed [27], the
ighly stacked WS2 slabs on CAT-3 are attributed to the weaker
etal-support interaction. Extensive research [28–30] has shown

hat there are at least two types of “Ni-W-S” phases in alumina-
upported NiW sulfided catalysts. The type I phase is less stacked,
ontaining some W-O-Al linkages with the alumina support related
o the strong interaction between W and hydroxyl groups on the
lumina surface and thus having lower activity. The type II phase is
ighly stacked, exhibiting the weak interaction with alumina and
hus showing higher activity. Multilayered WS2 slabs provided a
igher density of multivacancies compared with single-layered or
hin slabs. This could facilitate �-complexation of the aromatic ring
n multilayered WS2 slabs relative to single-layered or thin slabs
31]. Therefore, hydrogenation activity of the catalyst was greatly
mproved. The HRTEM characterization results of the correspond-
ng sulfided catalysts suggested that the activities of three catalysts
re as follows: CAT-3 > CAT-2 > CAT-1. It has been demonstrated
hat the size of WS2 is mostly related to the distribution of WS2
n the surface of Al2O3 [32]. Compared with CAT-2 and CAT-3,
he smaller size of WS2 on CAT-1 was produced because of more
l2O3 available to distribute on. Taking the support as a whole, the
uantity of surface Al2O3 of CAT-3 is less than CAT-1 and CAT-2.
onsequently, larger WS2 was formed on the surface of CAT-3 than
hat of CAT-1 and CAT-2. Therefore, different Y type zeolite sup-
orts resulted in different activities of three catalysts. The higher
ramework Si/Al ratio of Y type zeolite resulted in a higher propor-
ion of Si distribution on the surface of NiW/Y. The more silica the
urface has, the longer and more layer number of WS2 slabs are
ormed.

.5. Comparison of hydro-upgrading performance for tetralin

Tetralin conversion for three catalysts is shown in Fig. 5. Fig. 5
isplays that the crucial factor for hydro-upgrading performance

s not the reaction temperature, but hydro-upgrading catalysts.

AT-3 has the highest tetralin conversion and CAT-1 has the low-
st tetralin conversion among three catalysts both at 320 ◦C and
60 ◦C, it is generally accepted that the high-silica samples exhib-

ted higher cracking rates, the rate increased with the increasement
f Si/Al ratio [20]. Based on the aforementioned results, it can be
Fig. 3. HRTEM micrographs of sulfided catalysts (a) CAT-1, (b) CAT-2, (c) CAT-3.

concluded that the higher conversion of zeolite-containing catalyst
was associated primarily with different Y type zeolites, the catalyst

made by Y type zeolites modified from the higher starting NaY Si/Al
ratio had higher stacking number of WS2 phase, which can enhance
hydro-upgrading catalyst activity.
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ig. 4. Crystal size distribution of WS2 for sulfided catalysts: slab length (A), number
f layers (B).

.6. Comparison of three catalysts hydro-upgrading performance
or FCC LCO

The comparison of dearomatization performance of CAT-1, CAT-
and CAT-3 in dearomatization of FCC LCO at selected conditions

s depicted in Fig. 6.

The evaluation results exhibited that CAT-3 catalyst showed bet-

er HDA performance than that of CAT-1 and CAT-2 at different
eaction pressure. The results demonstrated that higher HDA activ-
ty of CAT-3 catalyst was associated primarily with relatively higher

ig. 5. Tetralin conversion of CAT-1, CAT-2 and CAT-3 at 320 ◦C and 360 ◦C, respec-
ively.
Fig. 6. Comparison of the HDA performance of CAT-1, CAT-2 and CAT-3.

WS2 slabs, which was inherited from the different Y type zeolite
supports. Thus Y type zeolite support modified from higher Si/Al
ratio of the starting NaY is more suitable for preparation of dearom-
atization catalysts compared with Y type zeolite support modified
from lower Si/Al ratio of the starting NaY. The evaluation results
revealed that there was parallel catalytic performance of three cat-
alysts in hydrogenation of model compound and dearomatization
of petroleum feedstocks.

4. Conclusions

In the present study it was found that Si/Al ratio of the start-
ing NaY zeolite had an important influence on the performance
of modified Y type zeolites and catalysts. Y type zeolites modified
from higher Si/Al ratio of the starting NaY also had higher frame-
work Si/Al ratio. W-Ni catalysts supported on different modified Y
type zeolites and Al2O3 were prepared by wetness impregnation
method. XRD results showed that relative crystallinity of modified
Y type zeolite increased as the starting NaY Si/Al ratio increased,
a higher Si/Al ratio resulted in better hydrothermal stability of Y
type zeolite. N2 adsorption/desorption analysis of three USY zeo-
lites demonstrated that three zeolites had no significant essential
differences in their fundamental pore structures, irrespective of the
strating NaY zeolites used. The DRS curves of three catalysts were
identical, therefore the promotion effect of nickel had no big dif-
ference for three catalysts. HRTEM results revealed that tungsten
supported on Y type zeolite modified from higher Si/Al ratio of
the starting NaY zeolite had more type II active phase and WS2
is highly stacked, exhibiting the weak interaction with alumina
and should have higher activity. The revaluation results revealed
that the catalyst prepared by higher Si/Al ratio of the starting NaY
zeolite had higher tetralin conversion and better hydro-upgrading
performance for FCC LCO.
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