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Abstract

The hydrocracking ofn-decane was carried out on a sulfided NiW/silica-alumina catalyst and for comparison on a sulfided NiW/USHY
zeolite catalyst (fixed-bed reactor, 380◦C, 6 MPa total pressure, presence of sulfur and nitrogen-containing compounds in the feed). A
be expected from the weak acidity of the silica-alumina support, hence from the high ratio between the hydrogenating and the acid
at highn-decane conversion NiW/silica-alumina was found more selective than NiW/zeolite for the formation of isomerization produc
The difference in selectivity between the two catalysts was even more significant at lown-decane conversion, due to a direct cracking
n-decane which occurred on NiW/silica-alumina in addition to the classical bifunctional process. This reaction was shown to take p
the sulfided NiW phase, possibly through abstraction of a proton of the molecule by a basic surface sulfur atom.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

High-pressure hydrocracking is a catalytic refining p
cess allowing an upgrade of rather heavy petroleum fract
such as vacuum distillates into gasoline or middle distilla
kerosene, and gas oil [1–4]. It is also used to upgrade s
products obtained from other processes, such as deasph
oils and cycle oils from fluid catalytic cracking [1,5]. A m
jor interest of hydrocracking is its great versatility since
is possible to equilibrate supply (gasoline or middle dis
lates) and demand. The growing demand for middle di
lates, which cannot be obtained using fluid catalytic cra
ing, makes hydrocracking a strategic process in a mo
refinery [2,6,7].

Moreover, in addition to the cracking of the molecul
the hydrocracking process ensures the elimination of su
and nitrogen-containing compounds as well as a deep sa
tion of aromatics. This allows the production of high-qual
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fuels which will match the future and more stringent spe
fications [1,8].

Hydrocracking catalysts are bifunctional, associatin
hydro-dehydrogenating function with an acidic one. Sin
the feeds to be treated contain significant amounts of
eroatoms (sulfur and nitrogen), the catalysts must resist
soning by hydrogen sulfide and ammonia. That is why
hydro-dehydrogenating function of industrial hydrocrack
catalysts is generally provided by mixed sulfides of gro
VI and VIII metals, such as molybdenum or tungstene p
moted by nickel or cobalt.

If gasoline is the required product, the acidic compon
of the catalyst will be preferably a zeolite, the strong acid
of which will favor successive cracking reactions of the fe
molecules with formation of the desired light products [
On the contrary, the catalysts which would allow an op
mal gas oil yield which would possess a moderate acid
halfway between that of zeolites (low selectivity) and tha
aluminas (too low activity). Amorphous supports like silic
aluminas could have such an acid strength [2,10–12].

Our objective was to study hydrocrackingcatalysts allo
ing a selective transformation of vacuum distillates into
oil. For the reasons explained above, a sulfided NiW/silica-

http://www.elsevier.com/locate/jcat
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alumina catalyst was chosen, and was compared to a stro
acidic NiW/USHY zeolite catalyst. The model reaction us
was the hydrocracking ofn-decane, under conditions simil
to the industrial ones: fixed-bed dynamic reactor, high
drogen pressure, presence in the feed of sulfur- and nitro
containing compounds. In this work the nature and
repartition of the reaction products were examined and
reaction scheme established. The different selectivities w
measured, in particular the isomerization/cracking sele
ity which can be considered as representative of the s
tivity of the catalyst for the production of middle dist
lates. To obtain a better understanding of the behavior o
NiW/silica-alumina catalyst, we also studied the trans
mation ofn-decane on a nonacidic NiW/alumina catalyst
on an unpromoted W/silica-alumina catalyst, and finally o
NiW/silica-alumina in the absence of nitrogen-contain
compound in the feed.

2. Experimental

n-Decane hydrocracking was carried out in a flow rea
at 380◦C under a 6 MPa total pressure, with a hydrog/
n-decane molar ratio equal to 20. Dimethyl disulfide a
aniline were added ton-decane in order to generate H2S
(pH2S = 6.1 kPa) and NH3 (pNH3 = 5 kPa), respec
tively. The catalysts were first sulfided in the reactor
a n-heptane/dimethyl disulfide/aniline mixture, under the
same pressures as those used for then-decane hydrocrack
ing reaction, and at a 0.27-min contact time (1/WHSV).
The sulfiding feed was injected starting at 150◦C, and then
the temperature was raised at 285◦C (1-h stage), 350◦C
(2-h stage), and finally to 380◦C (reaction temperature
After about 2 h at 380◦C, the catalyst exhibited a st
ble activity forn-heptane hydrocracking. The sulfiding fe
was then replaced by the reaction one:n-decane/dimethyl
disulfide/aniline. Once a steady-state activity was reach
the contact time was changed by modifying the feed fl
rate in order to obtain different conversion values. At
end of then-decane hydrocracking experiment, the sulfid
feed was injected again under the same conditions as
used during sulfidation in order to check whether the c
lyst deactivated or not duringn-decane hydrocracking. N
deactivation was observed with any of the catalysts use
the present work.

All the reaction products were analyzed on-line by g
liquid chromatography (Varian 3400) on a 50 m CP-S
capillary column (Chrompack), hydrogen being the car
gas (15 psi), with a temperature programming from 45
85◦C (10◦C min−1).

The NiW/silica-alumina catalyst contained 2.4 wt%
and 18.3 wt% W, which corresponds to a Ni/(Ni + W) mo-
lar ratio equal to 0.3. The amorphous silica-alumina sup
was obtained from Condea and contained 40 wt% silica
60 wt% alumina. The specific surface area was 317 m2 g−1

and the pore volume 0.81 cm3 g−1.
y

-

-

e

Three other catalysts were used:

– NiW/zeolite, which is in fact a mixture of a USHY ze
lite (20 wt%) with an alumina on which Ni and W we
deposited. The framework Si/Al ratio of the USHY ze-
olite was about 15. The NiW/zeolite catalyst containe
the same Ni and W amounts as the NiW/silica-alumina
catalyst.

– NiW/alumina, containing the same Ni and W amou
as the NiW/silica-alumina catalyst. The alumina su
port (surface area 258 m2 g−1, pore volume 0.50 cm3

g−1) was obtained from Condea.
– W/silica-alumina, with the same W amount and

same silica-alumina support as the NiW/silica-alumina
catalyst.

All the catalysts were prepared at the Institut Françai
Pétrole in the form of extrudates (2× 6 mm).

The acidities of the silica-alumina and alumina supp
and of the pure USHY zeolite were determined by pyrid
adsorption followed by FTIR spectroscopy (Nicolet Mag
IR 550 spectrometer). The samples were first activated u
dry air flow (60 ml min−1) at 450◦C for 12 h and then un
der vacuum (10−5 mbar) at 200◦C for 1 h. Before pyridine
adsorption, IR spectra were recorded at room tempera
between 1300 and 3800 cm−1 in order to observe the OH
groups. Pyridine was adsorbed on the sample at 150◦C. The
IR spectra were recorded after pyridine desorption un
vacuum (10−5 mbar) at different temperatures ranging fro
150 to 550◦C. The number of the protonic sites was e
mated by using the extinction coefficient for pyridinium io
(band at 1540 cm−1) determined in a previous work [13].

3. Results

3.1. Acidity of the supports

Silica-alumina possessed only one type of terminal
groups, already observed by Knözinger and colleagues
On the contrary, several OH groups were observed on
USHY zeolite [13]: terminal OH groups, similar to tho
observed on silica-alumina, bridging OH in large cavities
in small cavities, and OH interacting with extraframewo
aluminum species. Five OH bands were observed on
mina [15]: OH coordinated to octahedral or to tetrahed
Al, and OH bridging tetrahedral and octahedral Al, and
coordinated to 2 or to 3 octahedral Al.

Fig. 1 presents the number of Brønsted acid s
(µmol g−1) measured on the silica-alumina support and
the pure USHY zeolite as a function of pyridine desorpt
temperature. The alumina support exhibited no Brøn
acidity.

The total number of Brønsted acid sites, measured by
amount of pyridine adsorbed at 150◦C, was much more sig
nificant on zeolite (784 µmol g−1) than on silica-alumina
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Fig. 1. Number of Brønsted acid sites (µmol g−1) on the silica-alumina sup
port and on the pure USHY zeolite as a function of pyridine desorp
temperature (◦C).

(37 µmol g−1). Thus, the Brønsted acid sites were ab
4 times more numerous on the alumina-zeolite sup
(which contained only 20 wt% zeolite) than on the silic
alumina support. Moreover, the Brønsted acid sites w
much stronger on zeolite than on silica-alumina: pyrid
was retained up to 500◦C on the zeolite, while it was n
more detected on silica-alumina at 300◦C.

3.2. Hydrocracking of n-decane on NiW/silica-alumina

n-Decane transformed on NiW/silica-alumina into iso-
merization products I (monobranched isomers M and mu
branched isomers B) and into cracking products C. Fig
shows that M were the main reaction products, B an
being formed in much smaller amounts. B were second
products, while M and C were directly formed, but t
yield in C products increased at highn-decane conver
sions, which indicates the existence of a secondary crac
The isomerization/cracking ratio (I/C) initially increased
when then-decane conversion increased and then decre
(Fig. 3). In the conversion range studied, this ratio was
ways very high (greater than 8), with a maximum va
equal to 13 at a 20%n-decane conversion. The mon
branched isomers/multibranched isomers ratio (M/B) de-
creased when the conversion ofn-decane increased (Fig. 3
but remained very high, about 10 at a 30%n-decane conver
sion.

Table 1 presents the distribution of the monobranc
isomers at a 25% conversion ofn-decane, at a 0% conve
sion (extrapolated values) and at the thermodynamic e
librium [16]. These isomers were methylnonanes (mC9) and
ethyloctanes (etC8); propylheptane (prC7) was not observed
The distribution depended on the conversion ofn-decane,
especially for 3-methylnonane (3mC9) and 4-ethyloctane
(4etC8). This distribution was somewhat different from t
distribution at the thermodynamic equilibrium, in particu
at a zero conversion. However, the evolution of the dist
ution when the conversion ofn-decane increased was th
.

d

Fig. 2. Transformation ofn-decane on NiW/silica-alumina: yields in the
monobranched isomers M, in the multibranched isomers B, and in
cracking products C.

expected, i.e., tending to that at the thermodynamic equ
rium.

The distribution of the multibranched isomers is p
sented in Table 2. The products formed were dimethy
tanes, mainly 2,5- and 3,5-dimethyloctanes (25+ 35 dmC8,
not separated in the chromatographic analyses), 2,4-,
3,4-, and 4,5-dimethyloctanes (24dmC8, 26dmC8, 34dmC8,
and 45dmC8). 3-Methyl 4-ethylheptane (3m4etC7) and a
small amount of 3,4,5-trimethylheptane (345tmC7) were
also formed, while 2,3-dimethyloctane was not observ
The distribution of the multibranched isomers hardly
pended on the conversion ofn-decane and was rather diffe
ent from the distribution at the thermodynamic equilibriu

The cracking products were C2 to C8 molecules. All
the methane produced was shown to result from dime
disulfide decomposition. Furthermore nonanes were no
served, which confirmed that cracking ofn-decane into C1
and C9 did not occur. The distribution of the cracking pro
ucts depended on the conversion ofn-decane (Fig. 4). Unde
a 5% conversion, all the products were formed in similar m
lar amounts, except C7 (mainly n-heptane) formed in large
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Fig. 3. Transformation ofn-decane on NiW/silica-alumina: isomerization/
cracking ratio I/C and monobranched isomers/multibranched isomers rati
M/B. Isomerization and cracking values are wt%.

Table 1
Distribution (mol%) of the monobranched isomers formed on NiW/silica-
alumina at a zero conversion ofn-decane (extrapolated values), at a 2
conversion, and at the thermodynamic equilibrium [16]

2mC9 3mC9 4mC9 5mC9 3etC8 4etC8 4prC7

X(n-C10) = 0 22 32 27 11 4 4 0
X(n-C10) = 25 22 27 25 11 5 10 0
TE 23.8 21.6 23.0 11.7 6.2 12.0 1.7

X(n-C10), n-decane conversion (%). TE, thermodynamic equilibrium.

amounts, and C8 (n-octane only) formed in lower amount
The C2/C8, C3/C7, and C4/C6 molar ratios were differen
from the unity. Above a 20% conversion, the distribut
took a gaussian shape centered on the C5 molecules. The
C3/C7 and C4/C6 molar ratios were close to 1. On the oth
hand (Fig. 5) the linear cracking products (n) were always
largely favored when compared to the branched prod
(iso), even if the iso/n ratio increased when the conversi
of n-decane increased. In the case of C8 cracking products
only n-octane was observed.
Fig. 4. Transformation ofn-decane on NiW/silica-alumina: distribution
(mol%) of the cracking products as a function ofn-decane conversion.

3.3. Hydrocracking of n-decane on other bifunctional
catalysts

Fig. 6 shows the conversion ofn-decane as a function o
the contact time on the NiW/silica-alumina, NiW/zeolite,
NiW/alumina, and W/silica-alumina catalysts. The mo
active catalyst was NiW/zeolite: its activity was 75×
10−4 mol h−1 g−1, while that of NiW/silica-alumina was
only 5.5 × 10−4 mol h−1 g−1. On the other hand, the un
promoted W/silica-alumina catalyst had exactly the sa
activity as NiW/silica-alumina. NiW/alumina was the les
active catalyst (1.0× 10−4 mol h−1 g−1).

On NiW/zeolite (Fig. 7), the monobranched isomers
and the multibranched isomers B were primary reac
products, the cracking products C being secondary rea
products. Both B and C products were formed in much m
significant amounts than on NiW/silica-alumina (Fig. 2).

M and C products were primary reaction products
W/silica-alumina (Fig. 7), as was the case on NiW/silica-
alumina. However the amount of B products formed
creased faster on W/silica-alumina than on NiW/silica-
alumina when the conversion ofn-decane increased.
ion,

tm
Table 2
Distribution (mol%) of the multibranched isomers formed on NiW/silica-alumina at a zero conversion ofn-decane (extrapolated values), at a 25% convers
and at the thermodynamic equilibrium [16]

25+ 35 26 24 34 27 36 44 45 22 33 23 3m4et 345
dmC8 dmC8 dmC8 dmC8 dmC8 dmC8 dmC8 dmC8 dmC8 dmC8 dmC8 C7 C7

X(n-C10) = 0 28 10 14 10 5 3 4 15 3 1 0 7 0
X(n-C10) = 25 25 9 7 6 5 6 5 12 4 4 0 4 3
TE 16.6 9.7 7.0 6.0 6.9 6.5 8.4 5.3 8.3 9.0 9.5 4.1 2.7

X(n-C10), n-decane conversion (%). TE, thermodynamic equilibrium.
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Fig. 5. Transformation ofn-decane on NiW/silica-alumina: branched/
linear ratio iso/n (mol%) of the cracking products.

Fig. 6. Conversion ofn-decane (%) on NiW/silica-alumina, NiW/zeolite,
W/silica-alumina, and NiW/alumina.

B products were not observed with NiW/alumina. The
most surprising result with such a nonacidic catalyst was
C products were formed in greater amounts than M prod
(Fig. 7).

Except at lown-decane conversion, the I/C ratio mea-
sured with NiW/zeolite was smaller than that measured w
NiW/silica-alumina (Fig. 8). Moreover, the maximum o
served with NiW/silica-alumina did not exist any more wit
NiW/zeolite: I/C regularly decreased when the convers
of n-decane increased. Due to the more significant amou
B products formed on NiW/zeolite, the M/B ratio was also
smaller on this catalyst than on NiW/silica-alumina (Fig. 8).

The I/C ratio measured with W/silica-alumina ini-
tially increased when the conversion ofn-decane increase
(Fig. 8), as was the case with NiW/silica-alumina. How-
ever, no maximum was observed, at least in the ra
Fig. 7. Transformation ofn-decane on NiW/zeolite, W/silica-alumina,
and NiW/alumina: yields in the monobranched isomers M, in the mu
branched isomers B, and in the cracking products C.

of conversions obtained. The M/B values measured wit
W/silica-alumina were smaller than those measured w
NiW/silica-alumina and quite similar to those measu
with NiW/zeolite (Fig. 8).

With NiW/alumina, the I/C ratio was about 0.5 in th
range of conversions obtained (0.5–3%), the M/B ratio be-
ing infinite.

No significant difference was observed in the distrib
tion of M or B products on all the catalysts (NiW/alumina
excepted which produced no B products). On the contr
differences existed in the distribution of the cracking pr
ucts. Table 3 compares this distribution at lown-decane
conversion (3–7%) or at highn-decane conversion (24
28%). In the case of NiW/alumina, the comparison wa
possible only at low conversion due to the weak activ
of the catalyst. It can be seen that, at low conversion
n-decane, the distributions of the cracking products w
very similar on NiW/silica-alumina, W/silica-alumina, and
NiW/alumina, but very different from the distribution o
tained on NiW/zeolite: on this latter catalyst, C2 and C8
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Fig. 8. Transformation ofn-decane on NiW/silica-alumina, NiW/zeolite,
and W/silica-alumina: isomerization/cracking ratio I/C and mono-
branched isomers/multibranched isomers ratio M/B. Isomerization and
cracking values are wt%.

cracking products were practically not observed, while t
were formed in significant amounts on the other cataly
On the other hand, the branched products (iso) were m
more favored on NiW/zeolite than on NiW/silica-alumina
and W/silica-alumina, and especially on NiW/alumina. The
distribution of the cracking products was not significan
modified on NiW/zeolite when the conversion ofn-decane
increased. On NiW/silica-alumina the amounts of C2 and
Fig. 9. Transformation ofn-decane on NiW/silica-alumina in the absenc
of aniline: yields in the monobranched isomers M, in the multibranc
isomers B, and in the cracking products C.

C8 cracking products were smaller than at lown-decane
conversion but always significant. On the opposite, C2 and
C8 cracking products were barely observed on W/silica-
alumina. The branched products were much more fav
on NiW/zeolite, and also on W/silica-alumina, than on
NiW/silica-alumina.

3.4. Hydrocracking of n-decane on NiW/silica-alumina
in the absence of aniline

At the end of a standard experiment, then-decane/dime-
thyl disulfide/aniline feed was simply replaced by an-de-
cane/dimethyl disulfide feed. The activity of NiW/silica-
alumina began immediately to increase to reach a stable
after 4 h on stream. The activity of the catalyst in the
sence of aniline was 225× 10−4 mol h−1 g−1, i.e., about
40 times higher than the activity in the presence of a
line, and 3 times higher than the activity of NiW/zeolite
in the presence of aniline. Fig. 9 shows that, in the
sence of aniline, the monobranched isomers M were alw
primary reaction products, but that the multibranched
mers B became also primary reaction products while
cracking products C became secondary reaction produc
evidenced in Fig. 10. This means that the reaction sch
Table 3
Distribution (mol%) and iso/n ratios (mol%) of the cracking products formed on the various catalysts

NiW/silica-alumina W/silica-alumina NiW/alumina NiW/zeolite NiW/silica-alumina W/silica-alumina

X(n-C10) 4 3 3 7 or 24 28 28

C2 18 18 12 1 9 3
C3 14 14 19 9 15 12
C4 15 14 18 26 21 24
C5 14 15 15 31 20 25
C6 12 13 15 25 17 24
C7 22 21 14 8 13 11
C8 5 5 7 0 5 1

iso/n-C4 0.2 0.2 0 1.1 0.2 0.8
iso/n-C5 0.2 0.3 0 1.5 0.2 1.1
iso/n-C6 0.1 0.1 0.1 1.7 0.3 1.2
iso/n-C7 0.2 0.1 0.1 2.3 0.4 1.2

X(n-C10), n-decane conversion (%). When C8 were observed, onlyn-C8 was formed.
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Fig. 10. Transformation ofn-decane on NiW/silica-alumina in the presenc
or in the absence of aniline, and on NiW/zeolite in the presence of aniline
yields in the cracking products C.

Fig. 11. Transformation ofn-decane on NiW/silica-alumina in the ab-
sence of aniline: isomerization/cracking ratio I/C and monobranched
isomers/multibranched isomers ratio M/B. Isomerization and cracking va
ues are wt%.

is now similar to the one observed on NiW/zeolite in the
presence of aniline (Figs. 7 and 10). This is confirmed
the fact that, at the samen-decane conversion, the I/C and
the M/B ratios (Fig. 11) are very different from those me
sured in the presence of aniline (Fig. 3), and are simila
those measured on NiW/zeolite (Fig. 8). The absence of an
line did not modify the distribution of the monobranch
isomers or that of the multibranched isomers which con
quently remained similar to those observed on NiW/zeolite
in the presence of aniline. The distribution of the cra
ing products and the iso/n ratio of these products were th
same on NiW/silica-alumina in the absence of aniline as
NiW/zeolite in the presence of aniline, either at low or h
conversion ofn-decane (Table 4).

4. Discussion

Pyridine adsorption experiments clearly confirm t
silica-alumina is much less acidic than the USHY zeol
which is widely known. Compared to zeolite, silica-alumi
has only few Brønsted acid sites. Moreover the strengt
this sites is rather moderate, while a wide distribution in
acid strength is observed on zeolite. However, one can
sonably suppose that the strongest Brønsted acid sites o
 e

Table 4
Distribution (mol%) and iso/n ratios (mol%) of the cracking prod
ucts formed on NiW/silica-alumina in the absence of aniline and
NiW/zeolite in the presence of aniline

NiW/silica-alumina, NiW/zeolite,
no aniline, aniline,

X(n-C10) 5 or 23 7 or 24

C2 1 1
C3 10 9
C4 26 26
C5 30 31
C6 25 25
C7 8 8
C8 0 0

iso/n-C4 1.0 1.1
iso/n-C5 1.3 1.5
iso/n-C6 1.6 1.7
iso/n-C7 2.4 2.3

X(n-C10), n-decane conversion (%).

zeolite do not participate inn-decane hydrocracking becau
they are irreversibly poisoned by aniline or ammonia res
ing from its decomposition.

The products ofn-decane transformation on NiW/silica-
alumina are those usually observed on classical hyd
racking catalysts such as NiW/zeolite, i.e., monobranche
and multibranched isomers and cracking products. Howe
on NiW/silica-alumina the monobranched isomers and
cracking products are primary reaction products, and m
branched isomers are secondary reaction products, whi
NiW/zeolite the monobranched and multibranched isom
are primary reaction products and cracking products are
ondary reaction products.

On NiW/silica-alumina, the isomerization/cracking ra-
tio (I/C) initially increases when the conversion ofn-decane
increases, which is again different from what is obser
with NiW/zeolite on which I/C decreases regularly. Th
means that on NiW/silica-alumina cracking would be fa
vored initially compared with isomerization, which sugge
the existence of a direct cracking reaction ofn-decane. This
cracking produces significant amounts of C2 and C8 mole-
cules which are not observed with bifunctional hydrocra
ing catalysts such as NiW/zeolite.

Isomerization superimposes on the direct cracking w
the conversion ofn-decane increases, which leads to an
crease in the I/C ratio. Isomerization occurs most like
through a bifunctional mechanism since the distributi
of the monobranched and of the multibranched isom
are the same as those observed on NiW/zeolite. At low
n-decane conversion, the distributions of the isomers
different from the distribution at the thermodynamic eq
librium, which indicates that isomerization occurs throu
protonated cyclopropanes [17,18]. At highn-decane conver
sions the distributions tend toward those at the thermo
namic equilibrium, due to the appearance of alkyl shifts [
which are more rapid than isomerization through protona
cyclopropanes [17].
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Fig. 12. Yields in the C2–C8 cracking products as a function ofn-decane conversion.
-
o an
12
cts
he
n of
oted

he
la-

ain-
ck-
lds

he
re-
rves
ob-

i-
ual
The I/C ratio begins to decrease when then-decane con
version becomes greater than 15–20%, which is due t
increase in cracking (Fig. 2). This is evidenced in Fig.
which shows the yields in the various cracking produ
as a function ofn-decane conversion. The yields in all t
cracking products increase linearly when the conversio
n-decane increases up to a 15–20% value. It must be n
that an anomalous high value is obtained for the C7 yield
at the lowestn-decane conversion, which is related with t
high C7 yield already shown in Fig. 4. The most likely exp
nation is the presence of traces of the sulfiding feed rem
ing in the unit, which would be observable only at low cra
ing levels. Above the 15–20% conversion value, the yie
in C2 and C8 products always increase linearly, while t
yields in the C3–C7 products increase more sharply. The
fore one can consider that the straight part of the cu
represents only the direct cracking reaction. We also
served (Fig. 4) that the C3/C7 and C4/C6 molar ratios tend
toward 1 when the conversion ofn-decane increases. On b
functional Pt/zeolite catalysts these ratios were always eq
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to 1, whatever the conversion [20]. This suggests that the
ditional cracking observed at highn-decane conversion oc
curs through a bifunctional mechanism. However the di
cracking still exists since C2 and C8 continue to increase.

From the curves in Fig. 12, it is possible to estimate
relative importance of the direct cracking and of the bifu
tional cracking: at a 28%n-decane conversion, the bifun
tional cracking represents about 25% of the total crackin
is also possible to estimate the amounts of the C3–C7 prod-
ucts resulting from the bifunctional cracking: C3 and C7 are
formed in equimolar amounts, as well as C4 and C6. One
can also calculate the bifunctional I/C ratio which is abou
35, while the experimental I/C ratio (including the direc
cracking) was only 10 (Fig. 8). This value is much high
than that measured with NiW/zeolite at the same conversio
(about 5, Fig. 8). Lastly, it seems that the bifunctional cra
ing takes place mainly from the monobranched isomers
deed the cracked products are linear molecules in a l
majority (the iso/n ratio of the cracked products is muc
smaller than 1). This is again different from what is obser
with NiW/zeolite on which cracking occurs mainly fro
the more reactive multibranched isomers (iso/n ratio greater
than 1). However the multibranched isomers are forme
small amounts on NiW/silica-alumina which makes the
cracking products difficult to detect. An estimation of t
iso/n ratio of the products formed through the bifunction
cracking is not possible since the direct cracking reac
can also concern then-decane isomers.

Thus, the bifunctional transformation ofn-decane on
NiW/silica-alumina occurs through the step-by-step proc
shown in Scheme 1. Each olefinic intermediate formed fr
n-decane comes into contact with very few acid sites
tween two hydrogenating sites, and undergoes only
transformation, either branching or cracking [21], as e
denced by the high I/C (calculated) and M/B values. The
acid step is clearly the rate-determining step of the bifu
tional mechanism. This very weak acid activity is due
the adsorption on the acid sites of the ammonia produ
through aniline decomposition.

On the other hand, in the absence of aniline all
acid sites are active, which allows one to find again
NiW/silica-alumina a classical bifunctional mechani
similar to the one observed with NiW/zeolite: rapid for-
mation of the multibranched isomers, cracking occurr
mainly from these latter (iso/n ratio greater than 1). Al
though the multibranched isomers appear as primary r
tion products, they cannot be formed directly fromn-decane

Scheme 1. Transformation ofn-decane on NiW/silica-alumina: apparen
reaction scheme. M, monobranched isomers; B, multibranched isom
DC, direct cracking; BC, bifunctional cracking.
but only from the monobranched isomers. This means
the olefinic intermediates may encounter several acid
during their diffusion between two hydrogenating sites [2
However, they do not encounter enough acid sites to und
cracking, the cracking products being always secondar
action products.

The direct cracking reaction (DC) certainly does not
cur through a bifunctional mechanism, since this would l
to the formation of unstable primary carbocations [22],
through hydrogenolysis since methane is not observed
On the other hand, this reaction is largely predominan
the nonacidic NiW/alumina catalyst, which indicates that
does not occur on silica-alumina but on the NiW sulfid
One can also note that this reaction is favored by the p
ence of Ni: at highn-decane conversion the unpromot
W/silica-alumina catalyst looks more like NiW/zeolite than
like NiW/silica-alumina (Table 3).

Scheme 2 proposes a mechanism allowing an explan
of the direct cracking reaction. The example chosen lead
the formation of ethane and octane, but this mechanism
account for all the cracking products formed, but not for1

and C9 which are effectively not observed. We use her
simplified representation of a catalytic center made of a
fur vacancy associated to two W atoms and of an adja
sulfur anion [24,25]. The first step would be the adsorpt
on the exposed W atom of an olefin formed through the
hydrogenation ofn-decane on the hydro-dehydrogenat
function of the catalyst. The second step would be the
moval of a proton from the adsorbed olefin by the su
anion S2− with the concomitant breaking of a C–C bond a
formation of a C–W bond. This mechanism is quite sim
to the one proposed to explain the breaking of the C–S bo
occurring during hydrodesulfurization reactions on sulfi
catalysts [26]. In the present case it would lead to the d
orption of an ethylene molecule further hydrogenated
ethane. Lastly, the breaking of the C–W bond allows the
sorbed olefin to recover its hydrogen atom and the cata
site to recover its initial structure. The desorbed olefin fina
hydrogenates inton-octane.

It must be noted that this mechanism does not involve
bocations at the difference of a classical bifunctional mec
nism. It could also apply to the direct cracking of the mo
branched isomers and of the multibranched isomers, un
the reaction would be slowed down too much by steric h
drance as is the case in hydrodesulfurization [27,28].
last argument in favor of this mechanism is the fact that
direct cracking reaction is more significant on NiW/silica-
alumina than on W/silica-alumina. Indeed, it is general
admitted that, on sulfide catalysts, the promoter decre
the strength of the metal-sulfur bonds in the sulfide [
and increases the electronic density on the sulfur atoms
which can also be interpreted in terms of an enhanceme
the basicity of these latter [31]. Thus, the removal of a p
ton from the molecule would be more rapid on the promo
catalyst than on the unpromoted one.
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Scheme 2. Possible mechanism for the direct cracking ofn-decane on the NiW sulfides.
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5. Conclusion

The results obtained in the present work indicate that
behavior of the NiW/silica-alumina catalyst forn-decane
hydrocracking in the presence of nitrogen-containing c
pounds is very different from that of classical hydrocrack
catalysts such as NiW/USHY zeolite. The main reaction ob
served is the transformation ofn-decane into monobranche
isomers, the bifunctional transformation of which into mu
branched isomers and into cracking products being ha
observed. On NiW/zeolite the multibranched isomers a
the cracking products are formed rapidly. This differe
is due to the fact that the acid sites of silica-alumina
strongly poisoned by the nitrogen-containing compou
present in the feed. In the absence of these compou
all the acid sites of NiW/silica-alumina are active and th
catalyst presents the same behavior as NiW/zeolite in the
presence of nitrogen-containing compounds.

The little importance of the bifunctional cracking o
NiW/silica-alumina allowed us to evidence the existenc
a direct cracking ofn-decane occurring not on the silic
alumina support but on the sulfide function of the catal
The mechanism proposed to explain this reaction invo
the removal of a proton of the molecule by a basic s
fur atom. One can suppose that this reaction also occu
the classical zeolite-sulfide catalysts, but that it is mas
by the bifunctional cracking which is very fast due to t
strong acid activity of the zeolite. In the case of NiW/silica-
alumina, only high conversion levels would allow one
neglect this reaction.

The low cracking activity of the NiW/silica-alumina cat-
alyst makes it very likely selective for the transformat
,

of vacuum distillates into gas oil, which was the object
of this work. However, the global activity of the catalyst
rather low due to a too weak acidic function. It will be ne
essary to look for other supports, slightly more acidic th
the silica-alumina used in the present work, in order to
crease the global activity without appreciable change in
cracking activity.
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