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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 Al,O3; were prepared by
impregnation method. The catalysts were characterized by XRD, BET, DRS and HRTEM, and evaluated
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 WS; is highly stacked, exhibiting the
weak interaction with Al,03 and should have higher activity. The revaluation results revealed that the

catalyst prepared by higher Si/Al ratio of the starting NaY zeolite has higher tetralin conversion and better
hydro-upgrading performance for FCC LCO.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

With the growing demand for diesel fuel, the proportion of the
Fluid Catalytic Cracking (FCC) in the diesel pool increases greatly.
However, high aromatics content in FCC LCO (Light Cycle Oil)
lowers diesel fuel quality, especially cetane number, and brings
about the formation of undesirable emissions in exhaust gases from
diesel engines. As a result of the gradual change to more stringent
environmental regulations, much attention has been paid to the
deep reduction of aromatics in diesel distillate. Under such cir-
cumstances, there is considerable interest in the development of
new catalysts for aromatic hydrogenation [1-3]. Extensive stud-
ies have revealed that the addition of acidic components into the
traditional alumina-supported hydrotreating catalysts can greatly
enhance their hydrodearomatization (HDA) activities [4,5]. The
intrinsic activity of the catalysts can be enhanced by support-
ing the metals on a strongly acidic, high surface area support,
e.g., zeolite Beta or Y [6-8]. Supports with varying acidity can
influence the activity for dealkylation or C-C bond scission [9].
Among the acidic components, Y type zeolite is the most stud-
ied and widely commercially applied [10-12]. In addition, as
the bifunctional catalyst, the dispersion of hydrogenation metal
active phases is crucial to HDA catalyst activity. The CoMoS(NiWS)
model, in which Co(Ni) decorates the edge sites of highly dispersed
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MoS, (WS;) 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 IL
It is suggested that the CoMoS(NiWS) Type I is related to highly
dispersed single slab MoS;(WS,) particles maintaining their inter-
actions with the support, e.g., Mo—O-Al bonds, while CoMoS(NiWS)
Type Il is related to less dispersed MoS, 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 MoS,(WS,) 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 WS,
[16] displayed higher stacking number and dearomatization per-
formance compared with y-Al,03 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.
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2. Experimental
2.1. Different Si/Al ratio NaY modification

Three USY samples, USY1, USY2 and USY3 were obtained with
starting NaY1, NaY2 and NaY3 zeolites of Si/Al ratios 3.8,4.5 and 5.5
respectively by the same modified methods. The modified proce-
dures are as follows: USY1, USY2 and USY3 were prepared by NH,*
exchange of NaY1, NaY2 and NaY3 using a 2.0N aqueous solution
of NH4Cl at 80 °C for 2 h under agitation, followed by washing until
absence of Cl~, drying at 100 °C overnight. Then samples were sub-
mitted to a steaming treatment at 600 °C for 6 h. Finally, the samples
were calcined in the dry air at 550°C for 3 h.

2.2. Catalyst preparation

Three Ni-W type catalysts, CAT-1, CAT-2 and CAT-3 were pre-
pared with the same metal loadings of WO3 and NiO. CAT-1, CAT-2
and CAT-3 were prepared by pore volume co-impregnation the
extrudates of USY1, USY2 and USY3 separately and vy-alumina
carrier even mixture with an aqueous solution of nickel nitrate
hexahydrate and ammonium metatungstate, followed by drying at
393K for 4 h and calcinating at 783K for 4 h. All the catalysts have
a fixed amount of each component, namely, the contents of Y type
zeolite and Al; 03 were 21 wt% and 51 wt% respectively.

2.3. Characterization

2.3.1. X-ray diffractometer (XRD)

NiO, WO3, CAT-1, CAT-2 and CAT-3 catalysts were characterized
using Rigaku D/max-2500/pc X-ray diffractometer and Cu Ko radi-
ation, voltage of 40 kV, electrical current of 200 mA. The data were
recorded with 0.02° step size, 2 s at every step.

The relative crystallinity and unit cell parameters of zeolites
were calculated from XRD patterns that were recorded with a
SIMADU XRD6000 diffractometer and Cu Ko radiation (0.1542 nm,
40KkV and 40 mA). The zeolite powder was packed in the cavity of
a XRD sample holder made of glass. Then the holder was kept in a
closed vessel containing a saturated CaCl,-6H,0 solution for 16 h
to make the moisture in the sample at constant. The relative crys-
tallinity was estimated by comparing the peak intensities of the
modified sample with standard NaY sample. The total intensities
of the eight peaks assigned to (311), (511, 333), (440), (533),
(642),(822,660),(555,751) and (6 64) reflections were used
for the comparison according to the following equation:

TA; )
TAr

Xg: the crystallinity of the standard NaY provided by Lanzhou cata-
lyst company of Petrochina;  "A;: the sum of eight peaks area of Y
type zeolites to be determined; > Ag: the sum of eight peaks area
of standard NaY sample.

The unit cell parameters were calculated from the (55 5) reflec-
tion peak position that were determined using reflection peak
of the silicon powder (260 =28.443°) as an internal standard. The
framework Si/Al ratio was obtained from the calculated unit cell
parameters by using Breck-Flanigen equation [17].

&:&(

2.3.2. BET (N, physisorption)

Nitrogen adsorption/desorption measurements were per-
formed on an Tristar 3000 type surface area and pore structures
instrument of American Mike Instrument Company. Before adsorp-
tion, the samples were calcined at 823 K for 4 h. Powder samples
of 30-40 mg were degassed in a sample preparation station under
473K and a vacuum of 1.33 x 10~3 Pa for 15h, then switched to
the analysis station for adsorption and desorption at 77 K in liquid

nitrogen. Surface area was calculated with the multipoint BET equa-
tion with linear region in the P/Py range of 0.05-0.35. Pore volume
was calculated from the maximum adsorption amount of nitrogen
at P[Py =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.%
CS,/cyclohexane mixture at 330°C and 4 MPa for 4h and kept in
cyclohexane before measurement. For WS, 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 L

>l

- Z?:l n,-Ni
= == and average number of layers N = —=5—
> izt > izt M
where [; is the length of the slab, n; is the number of the particles
with the J; length or N; layers, and N; 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 WS, slab length was measured manually and the
average length of the WS, 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 lig-
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
H, at a total pressure of 4.0 MPa. Before each catalytic run, the cat-
alyst was sulfided with 10vol.% CS, 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 H; to hydrocarbon ratio were maintained at 1.8h~!
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 x 0.25 mm x 0.32 pm). The HDA activity of
tetralin was calculated as follows:

(Tfeed - Tproduct ) :|

x 100
Tfeed

Tetralin conversion (%) = [

where Tgeeq 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 crystallinity? (%)
NaY1 3.8 95
NaY2 4.5 94
NaYy3 5.5 96
UsY1 223 74
Usy2 26.5 81
[IN'E] 314 90

2 The NaY zeolite sample was provided by Lanzhou company of Petrochina, which
had adefined crystallinity, and was used as the standard for crystallinity comparison.

hydrotreating catalysts. The evaluation results for tetralin may
not be persuasive, therefore hydro-upgrading of Daqing FCC LCO
(aromatics content: 56.9vol.%) over CAT-1 CAT-2 and CAT-3 was
also conducted on 100 ml continuous flow fixed-bed hydrogena-
tion test units and single-stage, one catalyst, once-through process
was adopted. The total aromatic contents of the feedstocks and
diesel products were determined by the standard method of flu-
orescence indicator adsorption (FIA). The catalysts were sulfided in
situ before evaluation, sulfidation oil was a kind of straight kerosene
containing 2 wt% CS,. HDA activity of three catalysts was expressed
in terms of aromatics conversion:

(Afeed - Aproduct)

Aromatics conversion (%) =
Afeed

}xlOO

where Afeeq and Aproduct denote the aromatics content in the feed
and product.

3. Results and discussion
3.1. XRD

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

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

The XRD profiles of the oxidic samples are shown in Fig. 1.
The characteristic diffraction peaks of W03 (20=23.1°, 23.6° and
24.4°) and NiO (20=37.3° and 43.4°) did not appear in CAT-1, CAT-
2 and CAT-3. This means that the tungsten and nickel oxidic species
were either completely amorphous or composed of crystallites
smaller than 4 nm [22,23]. WO3 and NiO were considered evenly
distributed on the surface of the support. The characteristic diffrac-
tion peaks of y-Al;03 (20=37.2°,45.9°,and 66.8°) and Y type zeolite
(26=12°,16°,19°, 20° and 24°) appeared in all samples. Three cat-
alysts have the same peak position. CAT-2 and CAT-3 have similar
peak intensity, but CAT-1 has lower peak intensity than CAT-2 and
CAT-3, this evidence suggests the removal of framework aluminum
resulted in a less ordered framework structure and a contraction in
the lattice, consistent with the results of Ref. [24], and NaY1 is eas-
ily removal of framework aluminum than NaY2 and NaY3, this is
in consistent with basic properties mentioned in Table 1 of three Y
type zeolites.

Table 2
Pore structures of USY1, USY2 and USY3.

Intensity

2 Theta

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

CAT-3
CAT-2
CAT-1

F(R)
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Fig. 2. DRS spectra of (a) CAT-1, CAT-2 and CAT-3.

3.2. Pore structures of USY1, USY2 and USY3

According to N, 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/Al,03 catalysts, they thought that bands
at 580nm and at 640 nm in the DRS spectrum of P-Ni-W/Al,03
catalysts were assigned to Ni2* in NiAl,04, 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

Zeolites BET surface area (m?/g) Meso pore surface area (m?/g) Total volume (ml/g) Micro pore volume (ml/g)
USY1 613 124 0.33 0.24
usy2 630 119 0.36 0.25
UsY3 622 121 0.34 0.22
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presence of tetrahedrally coordinated Ni?* ions in a spinel-type
NiAl,O4 in the spectra of NiW/Al,03. But it can be clearly seen
that the band around 420 nm, characteristic of octahedrally coor-
dinated Ni2* ions, revealing an enhanced incorporation of nickel
with tungsten producing Ni-W-0 species [26]. Additionally, it can
be concluded that the Ni%* ions are liable to be octahedrally coor-
dinated on the composite support USY/Al, 03, due to the modifying
effects of USY on alumina, which impedes inactive nickel spinel
formation effectively, facilitating the promotion effect of nickel on
tungsten. The curves of three catalysts are almost identical, so the
promotion effect of nickel had no big difference on three catalysts.

3.4. HRTEM

The representative HRTEM micrographs of the three sulfided
catalysts are given in Fig. 3. The slab length (Fig. 4A) and layer
number (Fig. 4B) distributions are illustrated in Fig. 4. It can be
seen that CAT-3 significantly increases the fraction of the WS, slabs
larger than 7 nm compared with CAT-1 and CAT-2, with the average
length of the WS, slabs increasing from 4.84 nm for catalyst CAT-1
and 5.09 nm for CAT-2 to 5.71 nm for catalyst CAT-3. This indicates
that the dispersion of the active phase WS, is greater on catalyst
CAT-3 than on catalyst CAT-1 and CAT-2. As shown in Fig. 3., the
WS, slabs on CAT-3 are more stacked than those on CAT-2 and
CAT-1, because weaker support-O-WS, bonds can be more easily
cleaved, and thus highly stacked WS, particles are formed [27], the
highly stacked WS, slabs on CAT-3 are attributed to the weaker
metal-support interaction. Extensive research [28-30] has shown
that there are at least two types of “Ni-W-S” phases in alumina-
supported NiW sulfided catalysts. The type I phase is less stacked,
containing some W-0-Al linkages with the alumina support related
to the strong interaction between W and hydroxyl groups on the
alumina surface and thus having lower activity. The type Il phase is
highly stacked, exhibiting the weak interaction with alumina and
thus showing higher activity. Multilayered WS, slabs provided a
higher density of multivacancies compared with single-layered or
thin slabs. This could facilitate -complexation of the aromatic ring
on multilayered WS, slabs relative to single-layered or thin slabs
[31]. Therefore, hydrogenation activity of the catalyst was greatly
improved. The HRTEM characterization results of the correspond-
ing sulfided catalysts suggested that the activities of three catalysts
are as follows: CAT-3>CAT-2>CAT-1. It has been demonstrated
that the size of WS, is mostly related to the distribution of WS,
on the surface of Al;03 [32]. Compared with CAT-2 and CAT-3,
the smaller size of WS, on CAT-1 was produced because of more
Al,03 available to distribute on. Taking the support as a whole, the
quantity of surface Al,03 of CAT-3 is less than CAT-1 and CAT-2.
Consequently, larger WS, was formed on the surface of CAT-3 than
that of CAT-1 and CAT-2. Therefore, different Y type zeolite sup-
ports resulted in different activities of three catalysts. The higher
framework Si/Al ratio of Y type zeolite resulted in a higher propor-
tion of Si distribution on the surface of NiW/Y. The more silica the
surface has, the longer and more layer number of WS, slabs are
formed.

3.5. Comparison of hydro-upgrading performance for tetralin

Tetralin conversion for three catalysts is shown in Fig. 5. Fig. 5
displays that the crucial factor for hydro-upgrading performance
is not the reaction temperature, but hydro-upgrading catalysts.
CAT-3 has the highest tetralin conversion and CAT-1 has the low-
est tetralin conversion among three catalysts both at 320°C and
360°C, it is generally accepted that the high-silica samples exhib-
ited higher cracking rates, the rate increased with the increasement
of Si/Al ratio [20]. Based on the aforementioned results, it can be

(b)

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 WS, phase, which can enhance
hydro-upgrading catalyst activity.



F. Wang et al. / Catalysis Today 158 (2010) 409-414 413

(A)
CAT-1  L=4.84nm
B CAT-2  L=5.09nm
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Fig.4. Crystalsize distribution of WS; for sulfided catalysts: slab length (A), number
of layers (B).

3.6. Comparison of three catalysts hydro-upgrading performance
for FCCLCO

The comparison of dearomatization performance of CAT-1, CAT-
2 and CAT-3 in dearomatization of FCC LCO at selected conditions
is depicted in Fig. 6.

The evaluation results exhibited that CAT-3 catalyst showed bet-
ter HDA performance than that of CAT-1 and CAT-2 at different
reaction pressure. The results demonstrated that higher HDA activ-
ity of CAT-3 catalyst was associated primarily with relatively higher

[CICAT1
1004 [N CAT-2
90 E=3CAT-3

- = —

70
60
50
40]
30 _
20 =
10 E
0 l .
553 593 633 673
Reaction Temperature (K)

Tetralin Conversion (%)

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

WS, 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 Al,O3 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. N, 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 WS,
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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