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bstract

Hydrocraking activity of NiW supported on ultra-stable Y zeolite (USY) with different loading of active component (tungsten) and promoter
nickel) was studied in this investigation. Hydrocracking of petroleum gas oil was carried out in a high-pressure shaking reactor at reaction temper-
ture of 450 ◦C, contact time of 90 min and catalyst to gas oil ratio of 0.04. A series of NiW/USY catalysts with different nickel (NiO = 0–10.4 wt%)
nd tungsten (WO3 = 0–30 wt%) concentrations were prepared using the incipient wetness method. A promoting effect of nickel is observed in all
repared samples and found that the optimum content of nickel was 5 wt%. At this loading of nickel, the values of total conversion and yield of

otal distillate fuels were 63.3 and 52.3 wt%, respectively. The catalyst activity and properties were enhanced with increasing the tungsten content
nd the maximum values of total conversion and yield of total distillate fuels were 68.7 and 51.4 wt%, respectively. The catalysts characterizations
ere presented in terms of SEM, TGA-TPD acidity and TGA thermal stability.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrocracking process is the most important process in the
il refinery, which breaks up heavier hydrocarbon molecules into
ighter hydrocarbon fractions by using heat and catalysts in the
resence of hydrogen. Most of the hydrocracking catalysts have
hree types of easily distinguishable components; these are [1]:
ctive component, promoter and support. The cracking function
s provided by supports, where the cracking takes place on strong
cid sites in the supports. The most important function of support
s maintenance of high surface area for the active component and
cidity for hydrocracking reactions. A support material is cho-
en for given application on the basis of the several important
haracteristics including its inertness to undesired side reactions,
ppropriate mechanical properties (attrition resistance, strength,
tc.), stability under reaction conditions, a surface area and pore
ize distribution appropriate for the desired reaction, and its cost

2]. Zeolites are widely used as catalyst support and play an
mportant role in the catalysts used in hydrocracking process
ecause they improve catalytic activity, selectivity, or stability

∗ Corresponding author. Tel.: +60 4 5996422; fax: +60 4 5941013.
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y imparting shape selectivity [3]. Zeolites have been success-
ul because of their crystallinity, high surface area, adsorption
apacity, and uniform size distribution which enable shape selec-
ivity [4]. Active component and promoter sulphides provide
ydrogenation function. The active components responsible for
he principal chemical reaction, saturate aromatics in the feed,
aturate olefins formed in the cracking, and protect the cata-
yst from poisoning by the coke. It also produces olefins from
araffins which are much easily activated, i.e., protonated on the
cid sites. With addition of the promoter, the strength of Lewis
ites and the number of Bronsted sites are increased, and the
nhancement in catalytic activity is significant [5]. The role of
he promoter is to increase the number of sulphur vacancies and
o modify the acid–base properties of the catalyst. The presence
f promoter also enhances the production of sulphur anions,
hus leading to more numerous of active sites in the reductive
tmospheric of the hydrocracking processes. Different active
omponents and promoters were used for hydrocracking pro-
ess such as molybdenum, tungsten, nickel and cobalt. Mijoin
6] and Breysse et al. [7] concluded that the activity of the pro-

oter catalysts for debenzothiophene transformation is 20 times

igher than the activity of the non-promoter catalyst. The use of
o or Ni carbonyls as a precursor was reportedly effective to
preferential formation of Co(Ni)MoS phase [8]. Ali et al. [9]

mailto:chbassim@eng.usm.my
dx.doi.org/10.1016/j.cej.2007.01.021
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eported that NiW-loaded catalysts showed more hydrocracking
ctivity than NiMo catalysts and produced much lighter naph-
ha. They found that the catalysts loaded with Mo showed lower
urface area compared to those having W loadings. The effect of
ungsten and nickel content on properties of NiW/USY catalyst
s well as on hydrocraking of gas oil has never been investigated
o far.

The objective of this work was to convert petroleum gas oil
nto light products such as LPG, gasoline, kerosene and diesel
hrough hydrocracking over NiW/USY catalyst with different
ungsten and nickel content. This paper also presented the effects
f tungsten and nickel content on the catalyst properties.

. Experimental

.1. Materials

Desulphurized petroleum gas oil (DS-GO) derived from
weet Far-East crude oil with density of 0.8260 kg/l at 15 ◦C
as used in this investigation. This sample was obtained from
hell Refinery Company Bhd., Port Dickson, Malaysia. The high
urity gases nitrogen (99.999%) and hydrogen (99.999%) were
btained from Gas Pantai Timur Sdn. Bhd, Malaysia. A mixture
f 5% H2S in H2 balance was supplied by BOC, UK.

.2. Catalyst

Commercial USY zeolite with SiO2/Al2O3 mole ratio of
.5 was obtained from Tosoh USA Incorporation, USA in its
a+ form. H-USY support was prepared by exchanging the

odium cation (Na+) in its sodium form zeolite with ammo-
ium ion (NH4

+) in 4 M NH4Cl solution and shacked for 24 h.
he formed product was consequently filtered and washed with
istilled water until chloride free solution was obtained. The
ample was kept to dry at 100 ◦C for 3 h then calcined at 500 ◦C
or 3 h. The chemical composition and physical properties of the
SY zeolite provided by supplier are listed in Table 1. Synthe-

ized NiW catalyst with different nickel (NiO = 0–10.4 wt%) and
ungsten (WO3 = 0–30 wt%) concentrations were prepared by
mpregnation of the USY zeolite with aqueous solution of metal
recursor using the incipient wetness method. After impreg-

ation the sample was dried at 110 ◦C overnight, followed by
alcinations at 500 ◦C for 3 h in a muffle furnace [10,11]. Prior
o the reaction tests, the catalyst was pre-treated to increase its
erformance. About 2 g of the catalyst was placed in a stainless

able 1
hemical composition and physical properties of the USY zeolite (Tosoh USA

ncorporation, USA)

eolite type commodity USY HSZ-320NAA

iO2/Al2O3 mole ratio 5.5
a2O/Al2O3 mole ratio 1.0
-ray crystallinity (%) 101
hysical state Solid
olubility Insoluble in water
ppearance White powder

upplied by manufacture.
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teel tubular reactor of 9 mm inside diameter and 130 mm length
laced vertically inside tubular programmable temperature fur-
ace. Nitrogen gas was introduced to the system to purge the air
ompletely out of the system. During this purging operation the
rogrammable temperature furnace was setted to give a heating
ate of 10 ◦C/min. when the temperature of the reactor reached
he desired temperature (360 ◦C), 5% H2S balance hydrogen gas
as allowed to pass through the system at 40 cm3/min for 3 h.
n completion of the run, the furnace was switched off and the
as flow was turned off and allowing the nitrogen gas again to
urge the system [12,13].

.3. The experimental set-up

The 70-ml stainless steel high-pressure shaking reactor was
anufactured with 15.24 cm long and 2.21 cm inside diame-

er. The reactor was equipped with a vertical tubular furnace of
5 cm length and 5 cm diameter and used as heating source. This
urnace was supplied by Watlow, USA, with maximum tempera-
ure of 1000 ◦C. Type K thermocouples were placed outside and
nside the reactor wall and were capable of monitoring tempera-
ure up to 1100 ◦C. The schematic diagram of the experimental
et-up is shown in Fig. 1.

About 30 g of desulphurized petroleum gas oil (DS-GO) was
rstly poured into the reactor, and then the catalyst was added in
atalyst to gas oil ratio of 0.04. Hydrogen valve was opened to
evelop a total hydrogen atmosphere after purging with nitrogen.
he reactor was then heated to reaction temperature of 450 ◦C.
he reaction was carried out for a fixed period of time 90 min
fter the reactor working temperature and pressure were attained.
t the end of the run the reactor was cooled down to room tem-
erature and the product was collected for analysis. The reactor
as washed with dichloromethane.
The conversion, product yield, and catalyst to gas oil ratio

ere obtained using the following equations:

Conversion = WGO − WR

WGO
× 100 (1)

here WGO, WR are weight of gas oil feed and weight of uncon-
erted fraction remained in the liquid product after distillation,
espectively.

I = WI

WGO
× 100 (2)

here YI is the yield of the product (wt%), I the distillate frac-
ion (gasoline, kerosene, diesel), WI is weight of the distillate
raction.

atalyst to gas oil ratio = WCA

WGO
(3)

here WCA is weight of catalyst loaded.

.4. ASTM distillation analysis
ASTM method D 86 was used to determine the product boil-
ng range distribution and to investigate the yield of the lighter
roducts after hydrocracking reaction. The distillation curve of
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oscan 360, UK and Polaron for the coating system (sputter
Fig. 1. Schematic diagram of the experimen

he liquid products indicates the quantities of useful fractions to
he refiner. The ASTM distillation unit was supplied by Hotech
nstruments Corp. About 25 ml of sample was poured into the
istillation flask. The heater was started and the temperature at
he neck of the distillation flask was recorder when the first drop
f condensate was collected. The volume of condensate was
aken down at the temperature 160, 200 and 240 ◦C [14,15].

.5. Gas chromatograph (GC)

The gaseous products were analyzed using a gas chromato-
raph (Hewlett Packard, model No. 5890 series II) equipped
ith Porapak Q, 270 cm-length × 3.15 mm stainless steel col-
mn (Supelco). The GC was equipped with flame ionization
etector (FID). The flame ionization detector (FID) was used
o find out the hydrocarbons components presented in gaseous
roduct. The gases detected were hydrocarbons C1–C5. The
dentity of resulting GC peaks was defined by injecting standard
ases to FID detector.

.6. Thermogravimetric analyzer (TGA)

Thermogravimetric analyzer (TGA) supplied by Perkin-
lemer, USA was used to study the thermal stability of the
atalysts. About 5 mg of sample were loaded into a platinum
an and heated under nitrogen gas stream of 20 cm3/min from
mbient temperature to 900 ◦C with a control heating rate of
0 ◦C/min.

TGA-TPD (temperature-programmed desorption) was con-

ucted on the same TGA instruments using isopopylamine as
base [16,17]. About 5 mg of the sample was placed in a plat-

num pan and heated under nitrogen gas stream of 20 cm3/min
rom ambient temperature to 500 ◦C with a control heating rate

c
s
(
t

-up for hydrocracking of petroleum gas oil.

f 20 ◦C/min and hold at this temperature for 30 min. Then
he temperature was lowered to 100 ◦C followed by injecting
sopopylamine for 10 min. The desorption of physosorbed base

olecules was allowed to continue at 100 ◦C for about one
our (until the mass nearly constant). The sample was heated to
00 ◦C at 20 ◦C/min to desorb the chemisorbed isopropylamine.
he chemisorption curve reveals the density and acid strength
f the catalyst sample. The acidity was calculated by the follow-
ng formula and reported in units of millimoles of acid sites per
ram of catalyst:

cidity = W(1/Mb)(1000 mg/1 g)

Wz
(4)

here W is the mass loss due to the desorption of base in the
emperature of interest (g), Wz the mass of zeolite-based catalyst
fter pre-treatment (g), and Mb is the molecular weight of base
isopropyl amine).

TGA was also used to detect the percentages and type of
oke deposited on catalysts after hydrocracking reactions. About
mg of coked catalyst were loaded into a platinum pan and
eated under nitrogen gas stream of 20 cm3/min from ambient
emperature to 110 ◦C with a control heating rate of 20 ◦C/min.
he nitrogen gas was replaced by the oxygen and temperature
as increased to 800 ◦C.

.7. Scanning electron microscopy (SEM)

SEM studies were performed using Leica Cambridge Stere-
oating). Before the scanning, the powder samples were
pread onto the double-side carbon tape, and coated with gold
20–30 nm thickness) in order to increase the conductivity and
herefore the quality of the results.
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Fig. 2. TGA-TPD acidity vs. tungsten content.

. Results and discussion

.1. TGA-TPD acidity measurements

The amounts of weak, strong and total acidity of NiW/USY
atalyst with different tungsten and nickel loading obtained by
GA-TPD are presented in Figs. 2 and 3. The acid sites of
iW/USY catalyst were much more significant on all USY-
ased catalysts. The catalyst acidity became stronger when metal
as inserted. The mechanism of acid formation could be due to

he metals interact with the zeolite acid sites and induce stronger
cidity and the metals themselves provide stronger acid sites.
he TPD experiments show that the total acidity (Lewis and
ronsted types) of NiW/USY catalyst was higher at tungsten
nd nickel content of 23 and 5 wt%, respectively, and therefore
howed higher cracking activity than other catalysts.

TGA was also used to carry out the stability of the cat-
lysts. Figs. 4 and 5 show the weight loss (TG) curves of

iW/USY catalyst with different tungsten and nickel concentra-

ions, respectively. It can be seen clearly that all catalysts showed
igh thermal stability in the temperature up to 700 ◦C. This
tability of the catalysts is favourable to prevent thermal decom-

Fig. 3. TGA-TPD acidity vs. nickel content.
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ig. 4. TGA thermal stability results for NiW/USY catalyst with different tung-
ten loading.

osition of the catalysts during the reactions and regeneration
rocess.

.2. Scanning electron microscopy (SEM)

Scanning electron micrographs of USY zeolite and
iW/USY catalyst are presented in Figs. 6 and 7, respectively.
EM images revealed quite regular shaped and sized of USY
nd NiW/USY particles, and also showed the rougher surface
f the USY zeolite and the NiW metals appear to be primarily
andomly distributed on the USY surface.

.3. Coke analysis

The coke content of the catalysts with different tungsten and
ickel loading was determined by combustion in a thermograv-

meric analyzer and presented in Figs. 8 and 9. For all catalysts
sed in this study, it can be observed that there are two types of
oke formed in two temperature ranges, the weight loss between
50 and 250 ◦C contributed to soft coke and between 400 and

ig. 5. TGA thermal stability results for NiW/USY catalyst with different nickel
oading.
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Fig. 6. Scanning electron micrographs of USY zeolite.
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Fig. 7. Scanning electron micrographs of NiW/USY catalyst.
50 ◦C to hard coke. The soft coke is preferentially formed on
eak acid sites [18] while, the hard coke built up on strong acid

ites [19]. Around 5 wt% of coke was formed at low temperature
hich corresponds to the soft coke, whereas around 15 wt% of

ig. 8. Profiles of weight loss with temperature of NiW/USY coked catalyst
ith different tungsten loading.
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ig. 9. Profiles of weight loss with temperature of NiW/USY coked catalyst
ith different nickel loading.

oke was formed at high temperature which corresponds to the
ard coke.

.4. Product distributions

Prior to carrying out the hydrocracking reaction, it was nec-
ssary to establish the mixing characteristic of the reactor. For
his purpose, the reaction of hydrocracking of gas oil was carried
ut and similar run was conducted using the Parr reactor, which
onsidered as perfectly mixed reactor. The results showed that
he same results were obtained using both commercial and shak-
ng reactor at the same operating conditions. This confirms that
he configuration of new reactor (L/D = 6) provides an excellent

ixing.
The analyses of the gas oil feed are given in Tables 2 and 3.

he hydrocracking activity of the catalysts was measured at reac-
ion temperature of 450 ◦C, contact time of 90 min and catalyst
o gas oil ratio of 0.04 using NiW/USY with different nickel and
ungsten concentrations. Table 4 presents the effect of tungsten

oncentration on conversion of gas oil at a constant nickel con-
ent of 5 wt%. For tungsten content less than 17 wt%, the total
onversion and yields of all distilled products remained con-
tant and other products (coke and gas) did not change. At low

able 2
istillation analysis of the gas oil

emperature (◦C) Volume (%)

40 IBP
53 5
56 10
63 20
67 30
73 40
79 50
86 60
94 70
06 80
23 90
34 95
46 FBP



82 A.M. Alsobaai et al. / Chemical Engineering Journal 132 (2007) 77–83

Table 3
Elemental composition analysis, wt% of the gas oil

C 85.17
H 14.74
N 0.087
S
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Table 5
Gas oil hydrocraking over NiW/USY with different nickel loading

Nickel loading (%) 0 2.6 5.2 7.8 10.4

Conversion 49.8 52.3 63.3 52.0 54.8
Total distilled fuels 37.0 40.8 52.3 37.8 39.5
Gasoline 9.1 10.6 11.5 10.6 11.4
Kerosene 7.7 9.9 5.1 10.3 6.5
Diesel 20.2 20.3 35.7 16.9 21.6
Gas yield 7.8 7.1 5.2 8.8 10.1

Gas composition (mol%)
CH4 0.0 0.0 0.0 0.0 0.0
C2H4 0.3 0.2 0.3 0.1 0.0
C2H6 37.5 38.3 42.4 52.1 30.2
C3H6 2.3 1.6 1.9 1.1 0.0
C3H8 33.8 35.0 29.2 29.3 34.1
C4H10 26.1 24.9 18.3 17.4 35.7

C

4

g
u
(
t
o
w
t
5
d
t
i
c
b

0.003
/C atomic ratio 2.077

ungsten concentration, the catalyst properties are not improved
nough to enhance the hydrocracking and hydrogenation reac-
ions, therefore, the total conversion and yield of products were
ow. The activity of the catalyst is clearly improved upon increas-
ng tungsten concentration. The catalyst activity was increased
ith increasing the tungsten content and the maximum values of

otal conversion and yield of total distillate fuels were 68.7 and
1.4 wt%, respectively. At high amount loading of active com-
onent, the acid properties of the catalysts were enhanced and
ydrogenation sites increased due to a complete occupation of
he edges of WS2 slabs by the promoter, therefore, the increment
f hydrocracking activity of the catalysts was observed when the
ungsten content reached 23 wt%.

Table 5 shows a total conversion of gas oil and distilled
roducts distribution as a function of nickel content at a con-
tant tungsten concentration of 23 wt%. All nickel containing
atalysts manifest higher activity compared to the nickel free
atalyst. A total conversion and yield of distilled products were
ncreased with nickel concentration until 5 wt%, and maximum
alues of total conversion, yield of total distillate fuels, gasoline,
erosene, diesel gas and coke were 63.3, 52.3, 11.5, 5.1, 35.7,
.2 and 5.8 wt%, respectively. Theses values were obtained at
ickel content of 5 wt%, which the promoting effect of nickel is
ost strongly expressed at this concentration. It is tempting to

xplain the catalysts activity in terms of dispersion of the active
omponent and promoter. Indeed, at a high nickel concentration,

he activity should have been rather low because of the presence
f a large amount of NiW and the rather poor dispersion. These
esults are in good agreement with that obtained by Halachev et
l. [20].

able 4
as oil hydrocraking over NiW/USY with different tungsten loading

ungsten loading (%) 0 10 17 23 30

onversion 55.1 57.4 56.1 63.3 68.7
otal distilled fuels 41.2 43.3 42.8 52.3 51.4
asoline 11.4 10.7 9.2 11.5 10.7
erosene 9.1 9.1 8.6 5.1 10.7
iesel 20.7 23.5 25.0 35.7 30.0
as yield 8.4 8.8 8.1 5.2 10.5

as composition (mol%)
CH4 0.0 0.0 0.1 0.0 0.0
C2H4 0.2 0.2 0.2 0.3 0.2
C2H6 45.8 37.8 37.9 42.4 50.6
C3H6 1.2 1.4 1.4 1.9 1.2
C3H8 28.6 35.2 31.8 29.2 29.4
C4H10 16.9 22.8 20.2 18.3 16.7
C5 7.3 2.6 8.4 7.9 1.9

oke yield 5.5 5.3 5.2 5.8 6.8

t

A

U
a

R

C5 0.0 0.0 7.9 0.0 0.0

oke yield 4.0 4.4 5.8 5.4 5.2

. Conclusions

In the present study, hydrocracking reaction of petroleum
as oil in a high-pressure shaking reactor was investigated
sing a series of NiW/USY catalysts with different nickel
NiO = 0–10.4 wt%) and tungsten (WO3 = 0–30 wt%) concen-
rations. From the results, the following conclusions are
btained. The catalyst activity and properties were enhanced
ith increasing the tungsten and nickel content. It was found

hat the optimum contents of tungsten and nickel were 23 and
wt%, respectively. As a result, the total conversion and yield of
istillate products reached the maximum point at this loading of
ungsten and nickel. This is in a good agreement with character-
zation results of catalysts. As evidenced by characterizations of
atalysts all catalyst possessed higher acidity with good balance
etween strong and weak acid sites and also showed very good
hermal stability.
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