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Mild hydrocracking composite catalysts based on NiMo/γ -Al2O3-
Beta zeolite have been prepared and the influence of the location of
the NiMo phases has been studied. A good hydrocracking activity
and the highest HDS conversion was found during the hydrocrack-
ing of a vacuum gasoil with the composite catalyst where the NiMo
is located on the alumina component and then mixed with the ze-
olite in a proportion of 1 : 1 by weight. The crystal size of the beta
zeolite had a significative influence on the catalytic behaviour, be-
ing better the smaller the crystallite size is. The small crystallite
beta-based catalyst displayed a higher hydrocracking activity than
conventional USY and silica-alumina-based catalysts, giving a good
selectivity towards middle distillates. c© 1998 Academic Press

Key Words: mild hydrocracking; zeolite; NiMo, beta; crystallite
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1. INTRODUCTION

In the last years the demand for high quality diesel fu-
els has experienced a spectacular increase that is expected
to continue in the near future. Taking this into account,
it is not surprising that hydrocracking processes will play
an important role in the modern refinery schemes (1), and
consequently the significant increase in the hydrocracking
capacity projected (2). One of the most important charac-
teristics of hydrocracking is its flexibility to convert a wide
range of feedstocks to a variety of products. When the pro-
cess is maximized for middle distillate production, an excel-
lent diesel fuel blendstock having high cetane number and
very low sulfur content is obtained.

In addition to conventional hydrocracking, refiners have
turned their interest towards mild hydrocracking (MHC)
processes (3). Catalysts used for MHC are similar to those
used for hydrotreating but the support has to be mildly
acidic in order to crack the feed molecules. Typical supports
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for MHC are amorphous silica-alumina, a zeolite with re-
duced acidity, such as a low unit cell size USY zeolite, and
fluorine-doped alumina (3, 4). MHC usually produces high
yields of low-sulfur fuel oil, which can be an excellent feed-
stock for catalytic cracking (FCC) units, and lower yields
of middle distillates of a medium quality (5). Then, it is
highly desirable to develop new hydrocracking and MHC
catalysts that can maximize the production of middle dis-
tillates while keeping, or even increasing, the quality of the
final product. For this purpose, zeolites offer advantages
over amorphous silica-alumina since they can operate at
lower reaction temperatures, thus favoring the hydrogena-
tion of the aromatics present in the feed and increasing the
cetane number of the diesel produced (6). Furthermore, and
if the production of middle distillates has to be maximized,
one should avoid as much as possible the recracking of the
molecules formed in the primary cracking events when dif-
fusing out of the zeolites pores. These problems can be at-
tacked, on one hand, by producing crystalline molecular
sieves with improved accessibility to the acid sites. In this
line of work, MCM-41 based hydrocracking catalysts have
shown (7) an improved activity and selectivity for fuel pro-
duction, at least when they are calculated per unit weight
of catalyst. In the case of microporous materials, the most
successful solution relies on increasing the mesoporosity in
the crystals by postsynthesis treatments or by using zeolites
with smaller crystallites (8).

In this sense, faujasite Y zeolite has been synthesized
with small crystallites, but unfortunately its hydrothermal
stability is not high enough and a considerable loss of crys-
tallinity is produced during the activation–dealumination
process (8), unless the Y zeolite is synthesized with a higher
Si/Al ratio (9). This is still an active research field which is
so far limited by the cost of the final material.

The large pore Beta zeolite has also shown its ability as
a component of hydrocracking catalysts (10, 11), but the
cost of the zeolite together with the high selectivity to gases
has been limiting the commercial application. It is then of
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interest to increase the activity and to improve the selec-
tivity of hydrocracking catalysts based on beta zeolite. We
thought that this could be done by using beta zeolite with
very small crystallites. In this case, while increasing the ex-
ternal surface the length of the pores will be reduced and
therefore will increase activity and selectivity to middle dis-
tillates. In the case of beta zeolite, by being a high Si/Al ratio
zeolite, is hydrothermally more stable and therefore it does
not require severe activation treatments.

In this work we have studied the catalytic performance
of NiMo-catalysts based on beta zeolite for the mild hy-
drocracking of a vacuum gasoil (VGO) at mild pressures
(3.0–5.0 MPa), and temperatures in the range of 375–425◦C.
The influence of the acid site density and crystal size has also
been studied by preparing two nanocrystalline beta samples
(12) with different Si/Al ratio (8 and 17) and by comparing
the results with a beta sample synthesized within large crys-
tals. The importance of the location of the metal sulfides
in the final zeolite-based catalysts is presented, and finally,
the activity and selectivity of the NiMo-catalysts based on
nanocrystalline beta zeolite are compared with those ob-
tained using amorphous silica-alumina and USY zeolite.

1. EXPERIMENTAL

1.1. Synthesis of Zeolites and Preparation of the Final
NiMo-Catalysts

Synthesis of Nanocrystalline Beta Samples

Two nanocrystalline beta samples differing in their Si/Al
atomic ratio were synthesized without alkali cations and
seeding (12). For these syntheses a solution of metal alu-
minum (Merck, 99.95%) in tetraethylammonium hydrox-
ide (TEAOH, Aldrich, 35% aqueous solution, Na < 2 ppm,
K < 0.5 ppm) was added to a homogeneous solution of silica
(Aerosil 200, Degussa) dispersed in TEAOH, and the mix-
ture was homogenized by stirring. The molar composition
of the gels can be expressed as:

Sample NB8: Al2O3 : 16 SiO2 : 10.3 TEAOH : 240 H2O;
Sample NB17: Al2O3 : 50 SiO2 : 28.0 TEAOH : 750 H2O.

Crystallization was carried out in teflon-lined stainless
steel autoclaves (60 ml) at 140◦C under rotation (60 rpm)
during about 30 and 5 days for sample NB8 and NB17,
respectively. Then, the solids were separated by centrifugal
filtration at 16,000 rpm for 90 min, washed with distilled
water until the pH was lower than 9, and dried at 100◦C.
Finally, the samples were thermally treated at 540◦C during
1 h in nitrogen flow and then 6 h in air flow. The Si/Al atomic
ratio of the calcined solids was 8 and 17 for samples NB8
and NB17, respectively, as determined by chemical analysis.

Synthesis of Zeolite Beta in Fluoride Medium

For comparison purposes, a sample of beta zeolite (BF9)
has been synthesized in the presence of fluoride anions at
near neutral pH (below 9.5) following the procedure de-
scribed in Ref. (13). This method of synthesis produces beta
samples with a lower concentration of structural defects and
with much larger crystals, as compared to the conventional
methods of synthesis in basic medium (13). The molar com-
position of the gel prepared for the synthesis of sample BF9
was

Al2O3 : 16 SiO2 : 9.7 TEAOH : 126 H2O : 9.7 HF.

The gel was crystallized in 60 ml PTFE lined stainless steel
autoclaves at 140◦C under rotation (60 rpm) during 6.5 days.
The solid was filtered, washed with distilled water, and dried
at 100◦C. Then, the final zeolite was converted into the pro-
tonic form by calcination using the same protocol as for
the nanocrystalline samples. The Si/Al atomic ratio of the
calcined solid was found to be 9 from chemical analyses.

Commercial Supports

A commercial beta zeolite (CP811 from PQ Corp., Si/Al
ratio of 12, protonic form, referred to as BPQ) was used in
this work in order to study the influence of the location of
the NiMo phase in the final performance of the composite
hydrocracking catalyst (see below).

A commercial USY zeolite (CBV500, PQ Corp.), an
amorphous silica-alumina (25% Al2O3, Crossfield), and γ -
Al2O3 (Merck) were also used as reference supports.

Impregnation of NiMo

NiMo catalysts were prepared by sequential incipient
wetness impregnation, with Mo being impregnated first.
Thus, the required amount of an aqueous solution of am-
monium heptamolybdate was impregnated on the support,
followed by calcination at 500◦C for 3 h in air, using a tem-
perature ramp of about 2◦C/min. Then, an aqueous solution
of nickel nitrate was impregnated and the samples were fi-
nally calcined at 500◦C for 3 h as above.

For the study of the influence of the location of the metal
sulfides on the hydrocracking activity the metals precursors
(15 wt% MoO3 and 4 wt% NiO) were impregnated either
on the zeolite alone (NiMo/BPQ), on a mechanical mixture
of the zeolite and γ -alumina (NiMo/(Al + BPQ)), or on a
separate γ -Al2O3 component (NiMo/Al), and then mixed
with the acidic zeolite in a 1 : 1 or 1 : 2 NiMo/Al to zeo-
lite ratio (wt/wt) to produce sample ((NiMo/Al) + BPQ).
In this case two catalysts were prepared by physically
mixing the NiMo/Al and the zeolite in a 1 : 1 or 1 : 2 wt/wt
ratio, then the mixture is molturated, pressed, and sieved to
the desired particle size. The composition of the catalysts
prepared for this part is shown in Table 1.
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TABLE 1

Composition and Physicochemical Properties of the NiMo-Supported Catalysts Based on a Commercial (BPQ) Zeolite Beta

Brönsted aciditya

Catalyst composition (wt%) (µmolpyridine/gzeolite)
H2 consumedb

MoO3 NiO Zeolite γ -Al2O3 250◦C 350◦C 400◦C (cm3/mgNiMo)

NiMo/Al 15 4 0 81 — — — 0.38
NiMo/BPQ 15 4 81 0 8 4 1 0.40
NiMo/(BPQ + Al) 15 4 40.5 40.5 5 2 1 0.53
NiMo/Al + BPQ (1 : 1) 7 2 50 41 24c 12c 5c 0.45
NiMo/Al + BPQ (1 : 2) 5 1.3 66.6 27 — — — —

a Calculated from IR-pyridine and corrected per gram of zeolite in the catalyst.
b From TPR.
c Calculated considering the Brönsted acidity of the BPQ zeolite (Table 4) and the wt% of zeolite in the hybrid catalyst.

The part concerning the influence of the Si/Al ratio and
crystal size of beta zeolite was performed by preparing
hybrid catalysts formed by mixing the zeolites with the
NiMo/Al (15 wt% MoO3 and 4 wt% NiO) in a 1 : 1 ratio
by weight.

Finally, for the comparison of the nanocrystalline beta
zeolite with conventional supports the NiMo phase (12 wt%
MoO3 and 3 wt% NiO) was directly impregnated onto the
different supports.

1.2. Characterization Techniques

Textural properties were determined from the N2 adsorp-
tion isotherms at 77 K on a ASAP-2000 (Micromeritics)
apparatus.

The acidity of the supports and NiMo-containing cata-
lysts was measured by infrared spectroscopy with adsorp-
tion of pyridine and desorption at different temperatures
in a Nicolet 710 FTIR apparatus following the experimen-
tal procedure described in (14). Quantitative determina-
tion of the amount of Brönsted and Lewis acid sites was
derived from the intensities of the IR bands at ca 1450 and
1545 cm−1, respectively and using the extinction coefficients
given by Emeis (15).

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were carried out in a Philips
400 microscope in order to estimate the crystal size of the
beta zeolite samples.

Chemical analyses of the zeolites were obtained by
atomic absorption spectrophotometry in a Spectra A-plus
(Varian) apparatus.

Temperature programmed reduction (TPR) experiments
were performed in a TPD/TPR 2900 equipment (Mi-
cromeritics) using a thermal conductivity detector (TCD).
For these experiments 20 mg of sample were placed in a
quartz cell and heated from ambient temperature up to
950◦C at a heating rate of 10◦C/min while flowing a mixture
of 15 vol% H2 in He through the sample. The amount of

hydrogen consumed was determined using CuO as a refer-
ence sample.

1.3. Reaction System and Procedure

Mild hydrocracking of a vacuum gasoil (VGO) feedstock
was performed in a fixed bed stainless steel tubular reac-
tor having 2.54 cm ID and 65 cm length. The reactor was
loaded with 2.5–7.5 g of catalyst with a particle size of 0.59–
0.84 mm diameter, diluted with SiC until a constant bed
volume of 12 cm3. Then, the catalysts were presulfided at
atmospheric pressure and 400◦C for 3 h using a mixture
of 10 vol% H2S in H2. The reactions were carried out at
3.0–5.0 MPa total pressure, 375–425◦C temperature, and
H2/feed ratio of 1000 Nm3/m3. The space velocity, WHSV,
was varied between 2 and 6 h−1 by changing either the feed
rate or the amount of catalyst. Preliminary hydrocracking
experiments were carried out to ascertain that under these
conditions the reaction was not controlled by external nor
intraparticle mass transfer limitations. In all cases the cata-
lytic data reported here correspond to the stationary be-
havior, which was obtained after a period of operation of
ca 6–10 h, depending on the specific catalyst and reaction
conditions used. The hydrocracking conversion is defined
here as the total yield of products boiling below 360◦C,
without correcting for the fraction of these products (about
10 wt%) already present in the gasoil feed (Table 2).

The main physicochemical properties of the VGO used
are listed in Table 2. The distillation range in the original
gasoil and liquid reaction products was determined by sim-
ulated distillation (SIMDIS, ASTM D-2887) in a Varian
GC 3400 equipped with a FID and a DB-5 column having
5 m length. Analysis of the reaction gases was performed
on-line in a Varian GC 3400 equipped with a FID and a cap-
illary column (Petrocol DH-50.2, fused silica, 50 m length).
The concentration of sulfur and nitrogen in the liquid prod-
ucts was determined by elemental analysis in a Fisons 1108
CHNS-O instrument.
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TABLE 2

Physicochemical Characteristics of the
Vacuum Gasoil (VGO) Feed

Sulfur content (wt%) 2.59
Nitrogen content (ppm) 3100
Density, g/cm3 (60◦C) 0.92
Distillation range (◦C)
IBP 123

5 289
10 358
30 417
50 430
70 453
90 485
95 500
FBP 525

2. RESULTS AND DISCUSSION

2.1. Characterization of Catalysts

The chemical composition, average crystallite size, and
the textural properties of the different supports and those
of the NiMo-catalysts containing 12 wt% MoO3 and 3 wt%
NiO are given in Table 3. All the beta zeolites synthesized
presented a pure BEA crystalline phase and a high degree
of crystallinity (between 90–100%), as observed by XRD.
The sample synthesized in the presence of fluoride (BF9)
shows narrower and better resolved XRD peaks as com-
pared to the nanocrystalline beta samples synthesized in
basic medium. These features can be related to both the

TABLE 3

Physicochemical Properties of the Different Supports and NiMo-Containing Catalysts
(3 wt% NiO and 12 wt% MoO3)

XRD Pore volume (cm3/g)
Bulk Si/Al Crystallinity Crystal size BET

Sample atomic ratio (%) (nm) (m2/g) Total Microporea

NB8 8 65 10 737 0.96 0.15
NB17 17 70 30-50 568 0.65 0.19
BF9 9 70 200 619 0.45 0.20
BPQ 12 70 150 560 0.49 0.19
USYc 28 50 400–600b 551 0.41 0.18
SiAld 2.55 — — 268 0.31 <0.01
Al2O3 — — — 122 0.21 <0.01

NiMo/NB8 — 40 — 428 0.57 0.09
NiMo/BPQ — 50 — 341 0.59 0.11
NiMo/USY — 30 — 283 0.29 0.09
NiMo/SiAl — — — 171 0.29 <0.01
NiMo/Al — — — 104 0.16 <0.01

a Obtained by the t-plot method.
b According to the specifications given by PQ Corp.
c a0 = 2.425 nm (framework Si/Al ratio of 99).
d SiO2-Al2O3.

larger crystals and the much lower concentration of struc-
tural defects (SiO−) in the fluoride-made beta sample as
compared to the nanocrystalline samples synthesized in ba-
sic medium (13). After calcination, a decrease of the crys-
tallinity of about 30–35% with respect to the as-synthesized
zeolites is observed for the different beta samples (Table 3),
which is in the range typically observed for beta zeolite syn-
thesized in basic or fluoride medium for these Al contents
(13).

It is also seen in Table 3 that the approximate crystal
size of the nanocrystalline NB8 and NB17 samples is about
10 and 30–50 nm, respectively, as estimated from the TEM
photographs. Although these values are only relative, due
to the tendency of nanocrystals to agglomerate, they are in
good agreement with the values obtained from the external
surface area of the as-synthesized samples and calculated
assuming a spherical morphology, as reported in (16). On
the other hand, the crystal size of the fluoride-made BF9
sample determined from SEM pictures (ca 200 nm) is one
order of magnitude larger than that of the nanocrystalline
beta samples.

As deduced from the data presented in Table 3, the
nanocrystalline NB8 and NB17 samples have a higher
mesopore volume (calculated as the difference between the
total and micropore volume) than the rest of the beta sam-
ples. Such a high mesoporosity is due to the interparticle
voids and presents a narrow distribution of pore diame-
ters (16). The nanocrystalline NB17 sample displays a lower
mesoporosity than that of sample NB8, but still higher than
that of the fluoride-made BF9 sample. All the beta zeolites,
except sample NB8, present a micropore volume of about
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0.19–0.20 cm3/g, which is close to the typical values obtained
for beta zeolite by using the t-plot method (13). The lower
micropore volume of the nanocrystalline NB8 zeolite with
lower Si/Al ratio (0.15 cm3/g) is probably due to the small
crystal size, as previously reported (16).

After impregnation with Ni and Mo a reduction of crys-
tallinity and micropore volume is observed for both beta
and USY zeolites (Table 3). Many authors have reported
a significant loss of crystallinity in NaY and HY zeolites
after impregnation of Mo and subsequent calcination at
temperatures above 350–400◦C, which has been typically
associated to a partial destruction of the zeolite structure
(17–21). Nevertheless, migration of the oxides into the zeo-
lite channels may produce a partial blockage of the zeolite
pores and might also contribute to the observed decrease
of micropore volume in the NiMo-containing catalysts.

The acidity of the calcined zeolites, the amorphous silica-
alumina, and some of the NiMo-containing catalysts are
presented in Table 4. It can be seen that the nanocrystalline
NB8 sample has a lower amount of Brönsted acid sites re-
taining pyridine at 250◦C than the BF9 sample prepared in
fluoride medium and having similar bulk Si/Al ratio. The
differences cannot be explained by considering only the
crystallinity of the samples, but one has to assume that a
higher amount of Al was extracted from the zeolite lattice
on the nanocrystalline as compared to the fluoride-made
BF9 sample. The two nanocrystalline samples having dif-
ferent Si/Al ratios show a similar Brönsted acidity at 250◦C
desorption temperature, suggesting that a higher dealumi-
nation took place on sample NB8 with the lowest Si/Al
ratio. Accordingly, this presents a higher amount of Lewis
acid sites, which are usually related to the presence
of highly dispersed extraframework aluminum (EFAL)
species formed during the thermal treatments (22). More-

TABLE 4

Acidity (µmol of Pyridine/g of Solid) of the Supports and
NiMo-Containing Catalysts (12 wt% MoO3 and 3 wt% NiO) as
Determined by IR Spectroscopy with Adsorption–Desorption of
Pyridine

Brönsted Lewis

Sample 250◦C 350◦C 400◦C 250◦C 350◦C 400◦C

NB8 58 20 15 59 46 40
NB17 59 43 n.d.a 47 41 n.d.
BF9 91 50 38 41 40 35
BPQ 49 24 10 72 67 50
USY 20 8 2 12 8 5
SiAl 5 1 - 22 13 -

NiMo/NB8 27 7 4 67 40 27
NiMo/BPQ 20 9 4 42 26 21
NiMo/USY 8 5 2 16 8 3
NiMo/SiAl 1 <0.1 - 4 0.3 -

a n.d. = not determined.

FIG. 1. TPR profiles of NiMo-beta zeolite composites.

over, all the beta zeolites have a higher amount of Brönsted
sites than the USY zeolite, due to the much lower Al content
of the latter sample (Table 3). It is also seen in Table 4 that
the acidity of the amorphous silica-alumina, both in terms
of number and strength of the acid sites, is much lower than
that of zeolites.

After impregnation of metals the amount of Brönsted
acid sites decreases with respect to the metal-free supports,
and this effect can be ascribed to the interaction of the
surface OH groups with the metal precursors (17).

We have studied the reducibility of the metal oxides as a
function of their location in the final NiMo-containing cata-
lysts, and the TPR results are presented in Fig. 1. In gen-
eral, the TPR profiles of the NiMo-zeolite catalysts show
three different reduction zones: (a) 400 < Tmax < 410◦C;
(b) 450 < Tmax < 470◦C, and (c) Tmax > 500◦C; the latter
corresponds to very refractory Mo species which are
strongly interacting with the support. The species reduc-
ing in the lowest temperature range have been related to
polymolybdate-like phases in the case of NiMo/alumina
(23) and NiMo/carbon catalysts (24). It is worth noting
that the reducibility of the metal phases present in the hy-
brid (NiMo/Al) + BPQ catalyst prepared by the mechan-
ical mixture of NiMo/γ -Al2O3 and the commercial beta
zeolite is higher than those formed in the NiMo/γ -Al2O3
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component alone. We have not, at present, an interpreta-
tion for this result. Figure 1 also shows that the reducibility
of the metal oxides in the beta zeolite-containing catalyst
is similar, although the relative proportion of species re-
ducing in the low (400–410◦C) and medium (450–470◦C)
ranges varies, depending on the specific location of the
metals during the preparation of catalysts. Thus, it appears
that the proportion of species reducing at lower temper-
atures increases when the metals are totally or partially
impregnated onto the zeolite (samples NiMo/BPQ and
NiMo/(Al + BPQ), respectively) with respect to the hybrid
(NiMo/Al) + BPQ catalyst, where the metals are located
exclusively on the alumina component. The amount of hy-
drogen consumed during the TPR experiments has been
included in Table 1. It is seen there that the consumption
of H2 is lower for the NiMo/Al sample, as compared to
the zeolite-containing catalysts. This suggests a lower de-
gree of reduction of the oxidic species, probably due to a
higher dispersion of the metals on the alumina surface. It
is also seen that the consumption of hydrogen is higher
for the hybrid (NiMo/Al) + BPQ sample as compared to
the NiMo/Al component alone, in agreement with the in-
creased reducibility of the metals on the alumina in the
presence of the zeolite, as observed from the TPR profiles.
On the other hand, the highest consumption of hydrogen
occurs when the NiMo phase is impregnated totally or par-
tially on the beta zeolite.

2.2. Mild Hydrocracking of Vacuum Gasoil

Influence of the Location of Metals in the NiMo-Beta
Zeolite Catalysts

Typical hydrocracking catalysts based on metal sulfides
combine the hydrogenation–dehydrogenation function of
the sulfides with the acidity of the zeolite support. In or-

FIG. 2. (a) Influence of the location of NiMo during the preparation of beta-based catalysts on the hydrocracking (HCK), hydrodesulfurization
(HDN), and hydrodenitrogenation (HDN) activities obtained at 375◦C, 5.0 MPa, and H2/feed ratio of 1000 Nm3/m3; (b) HCK conversion as a function
of the zeolite/NiMo ratio.

der to obtain a pure bifunctional behavior, a good bal-
ance between the hydrogenation and acidic sites has to be
achieved, the latter being mainly responsible for the crack-
ing reactions (25). Moreover, in order to avoid undesirable
secondary reactions that lead to a fast deactivation of the
acid sites, a rapid diffusion of the intermediate species be-
tween both kinds of sites has to be achieved. This will be
determined by the distance between the hydrogenation and
acidic sites, which will depend on the location of the met-
als during the preparation of the catalyst. In this part of
the work we have studied the influence of this variable by
preparing a series of zeolite-based NiMo catalysts, in where
the metal precursors have been directly impregnated onto
the zeolite component (sample NiMo/BPQ), on a physi-
cal mixture of the beta zeolite and γ -Al2O3 in a ratio of
1 : 1 wt/wt (sample NiMo/(Al + BPQ)), or on separate parti-
cles by mechanically mixing the NiMo/γ -Al2O3 component
and the beta zeolite (sample (NiMo/Al) + BPQ). In this lat-
ter case two catalysts with a (NiMo/Al)/BPQ ratio of 1 : 1
and 1 : 2 by weight were prepared (see the composition of
the catalysts in Table 1). Here it has to be considered that,
due to the relatively low surface area of the γ -Al2O3 used
(Table 3), the metal sulfides are probably not strongly an-
chored to the alumina surface, and then a migration of the
sulfides from this component to the zeolite cannot be dis-
carded. After in-situ sulfidation the activity of the catalysts
was evaluated for the hydroconversion of VGO at 375◦C,
5.0 MPa and using a H2/feed ratio of 1000 Nm3/m3. The
space velocity, WHSV, used in these experiments was ad-
justed to keep constant the total amount of metal sulfides
in the catalyst bed.

Figure 2a shows the activity of the catalysts for the hydro-
cracking (HCK), hydrodesulfurization (HDS), and hydro-
denitrogenation (HDN) reactions under the given reaction
conditions. As observed, the hybrid (NiMo/Al) + BPQ
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sample (1 : 1 ratio) gives a slightly higher hydrocracking
conversion than the NiMo/BPQ sample, and this is more
active than the NiMo/(Al + BPQ) catalyst. This trend of
activity correlates well with the zeolite/NiMo ratio in the
catalyst (Fig. 2b). However, it has to be considered that the
acidity of the catalysts may change depending on the loca-
tion of the NiMo phase. In fact, the acidity data given in
Table 1 show that the amount of Brönsted acid sites in the
calcined solids is lower when the NiMo is impregnated on
a mixture of zeolite and γ -Al2O3 than on the beta zeolite
directly (NiMo/BPQ), and this is lower than for the hy-
brid catalyst formed by a physical mixture of NiMo/Al and
the zeolite (1 : 1 ratio). This trend of acidity also correlates,
qualitatively, with the observed hydrocracking activity. It is
worth noting from Fig. 2b that the NiMo/Al catalyst already
presents some activity for hydrocracking. According to the
bifunctional catalysis, Brönsted acid sites are supposed to
be responsible for the cracking reactions by protonating the
olefin formed after dehydrogenation of the alkanes on the
metallic sites (26, 27). Some authors have reported the pres-
ence of Brönsted acidity in sulfide (Co)Mo/Al2O3 (28, 29)
and in oxide NiMo/Al2O3 (30), and this might explain the
activity of the NiMo/Al catalyst for hydrocracking (Fig. 2b).

The fact that the hydrocracking conversion is higher for
the hybrid catalyst, where the metal sulfides are present in
separate NiMo/Al2O3 particles, suggests that the distance
between the hydrogenation and acidic sites is low enough
to prevent a severe deactivation of the Brönsted acid sites
of the beta zeolite by coking. This can be explained by
considering that hydrogen spillover from the NiMo sulfides
located on the alumina component to the acid sites in the
zeolite occurs (31, 32). This will supply activated hydro-
gen necessary to hydrogenate and desorb the olefinic inter-
mediates from the zeolite acid sites that otherwise would
lead to extensive coking and catalyst deactivation (33). In
fact, when the amount of zeolite in the hybrid catalyst is
increased to a proportion of (NiMo/Al) : BPQ of 1 : 2 by
weight, no further increase of the HCK conversion was ob-
served (Fig. 2b). If the reaction rate is limited by the migra-
tion of the olefin intermediates from the metal centers to
the acid sites, then an insufficient dehydrogenation activity
in the hybrid catalyst with a higher proportion of zeolite
(NiMo/Al-to-zeolite ratio of 1 : 2) may explain the low hy-
drocracking activity of this sample.

On the other hand, the activity towards HDS is observed
to be highest for the hybrid (NiMo/Al) + BPQ catalyst
(Fig. 2a). Indeed, the HDS obtained with this catalyst is
very similar to that obtained on the NiMo/alumina com-
ponent alone (not shown). This indicates that the NiMo
sulfide phases present on the alumina surface have a higher
efficiency for sulfur removal than those located directly on
the zeolite surface, probably due to a better dispersion of
the sulfides in the former catalyst. Similar results have been
reported during the hydrocracking of VGO on NiMo/HY
catalysts (34). Accordingly, the NiMo/(Al + BPQ) catalyst,

TABLE 5

Influence of the Location of the Metal Sulfides on the Selectivity
to the Different Hydrocracked Fractions Obtained at about 50–60%
Hydrocracking Conversion

Selectivity (wt%)

Catalyst Gasesa Naphthab Middle distillatesc

MiMo/BPQ 19.5 29.2 51.3
NiMo/(BPQ + Al) 18.0 23.9 58.1
NiMo/Al + BPQ (1 : 1) 19.3 24.8 55.9
NiMo/Al + BPQ (2 : 1) 18.0 25.4 56.6

a Gases: C1–C4.
b Naphtha: C5—195◦C bp.
c Middle distillates: 195–360◦C bp.

where the sulfides are present on both the alumina and
zeolitic components, displays a HDS activity intermediate
between the other two samples.

A different situation occurs for the HDN reaction. As
observed in Fig. 2a, the HDN conversion is highest when
the metals are incorporated on a mechanical mixture of
the beta zeolite andγ -alumina (sample NiMo/(Al + BPQ)).
These results suggest that the HDN activity is enhanced by
a close cooperation between the hydrogenating sites asso-
ciated with the metal sulfides and the Brönsted acidity of
the zeolitic component. The importance of the dual func-
tionality for the HCK and HDN reactions of zeolite-based
hydrocracking catalysts has also been observed in the case
of NiMo-HY samples (34).

The selectivity to the different hydrocracked fractions
obtained at ca 50–60% HCK conversion is compared in
Table 5. As observed, the NiMo/BPQ sample gives the
highest selectivity to gases and naphtha, whereas a bet-
ter selectivity towards the desired middle distillate frac-
tion is observed for the catalyst where the metals were
impregnated on a physical mixture of alumina and Beta
zeolite, NiMo/(Al + BPQ). This may be explained consid-
ering the lower metal dispersions achieved when the ox-
ide precursors are impregnated directly on the zeolite, as
deduced from the TPR results given in Fig. 1. This would
produce a unbalance between the acidic and hydrogenation
functions in favor of the former, which results in a higher
gasoil cracking activity producing more gases and naph-
tha in the NiMo/BPQ catalyst. In the case of the hybrid
(NiMo/Al) + BPQ catalyst (1 : 1 ratio) and owing to the bet-
ter dispersion of the metals on the alumina component, hy-
drogen dissociated on the metals is spilt-over to the zeolite,
making the catalyst behave as a true bifunctional catalyst.

Influence of the Si/Al Ratio and Crystal Size of Beta Zeolite

In this section we address the influence of the Si/Al ra-
tio of the nanocrystalline beta zeolite and the influence of
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FIG. 3. Hydrocracking conversion obtained for the composite (NiMo/Al) + zeolite catalysts prepared from nanocrystalline beta samples with
different Si/Al ratio (NB8 and NB17) and from the fluoride-made beta zeolite with larger crystals (BF9): (a) as a function of reaction temperature at
constant space velocity (WHSV = 2 h−1), and (b) as a function of contact time (1/WHSV) at constant temperature (425◦C).

the zeolite crystal size by comparing the results obtained
with the nanocrystalline samples and with a beta zeolite
prepared in fluoride medium. This study has been done
by preparing hybrid catalysts on which the hydrogenation
function is given in separate NiMo/γ -Al2O3 particles, which
are then admixed with the acidic zeolite in a proportion of
50/50 by weight. The amount of metals impregnated on the
alumina was 15 wt% MoO3 and 4 wt% NiO, and there-
fore, the composition of the final catalysts is the same as
that given in Table 1 for the (NiMo/Al) + BPQ catalyst
(1 : 1).

The hydrocracking conversion obtained at a constant
space velocity (WHSV = 2 h−1) over the hybrid catalysts
is shown in Fig. 3a as a function of reaction temperature.
As observed, the conversion increases when decreasing the
Si/Al ratio of the nanocrystalline beta samples, that is, when
increasing the aluminum content. The fact that both sam-
ples showed similar Brönsted acidity at 250◦C pyridine des-
orption (Table 4) suggests that the better catalytic perfor-
mance of the nanocrystalline beta sample with lowest Si/Al
ratio is probably related to its higher mesoporosity and ex-
ternal surface area. Moreover, when compared at similar
Si/Al ratio, the catalyst containing the nanocrystalline beta
zeolite (NB8) is slightly more active than that prepared
from the sample synthesized in fluoride medium and hav-
ing larger crystals (BF9), despite the latter zeolite having
a larger amount of Brönsted acid sites as determined by
pyridine adsorption (Table 4). As above, this result can be
ascribed to the higher mesoporosity of the nanocrystalline
sample, which determines a greater amount of external acid
sites which are available to the large molecules encoun-
tered in the gasoil feed. The same trend between the three
samples is observed when the hydrocracking conversion is
varied by changing the space velocity at constant reaction
temperature (425◦C), as shown in Fig. 3b.

The yields to the different hydrocracked fractions ob-
tained at 425◦C is plotted versus the HCK conversion in
Figs. 4a–c. As observed there, the catalysts based on the
nanocrystalline samples produce fewer gases and more
middle distillates than the catalyst prepared from the
beta sample with larger crystals. Furthermore, the product
distribution is very similar for the two nanocrystalline sam-
ples having different Si/Al ratios. These results indicate that
diffusion of the molecules formed in the primary cracking
events (middle distillate) is strongly favored in the very
small crystallites of the NB8 and NB17 zeolites, whereas
secondary cracking of these molecules leading to smaller
fragments (gases) is more favored on the beta zeolite with
larger crystallites, BF9.

In these experiments we also determined the extent of
HDS and HDN reactions at different levels of hydrocrack-
ing conversion, and the results obtained are presented in
Figs. 5 and 6, respectively. The results in Fig. 5 show that
the two catalysts based on the nanocrystalline beta samples
are more active towards hydrodesulfurization (HDS) than
that based on the fluoride-made zeolite and that for the
nanocrystalline samples the HDS activity increases when
increasing the Si/Al ratio. However, the hydrodenitrogena-
tion (HDN) activity (Fig. 6) is higher for the samples with
lower Si/Al ratio, this case also having higher activity for
the nanocrystalline beta sample.

The above results clearly illustrate the benefits of us-
ing small zeolite crystallites on the activity of zeolite-
based NiMo catalysts towards the HCK, HDS, and HDN
reactions. This beneficial effect can be related with a higher
amount of Brönsted acid sites accessible to the large
molecules in the gasoil feed, and probably also with a syn-
ergism between the surface acid sites on the zeolite and the
metal sulfides on the alumina component, leading to higher
HDS and HDN activities and lower coking tendency in the
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FIG. 4. Yield to gases (a), naphtha (b), and middle distillates (c) at
different hydrocracking conversions obtained for the nanocrystalline and
fluoride-made beta-based catalysts. The hydrocracking conversion has
been changed by varying the WHSV at constant reaction temperature
(425◦C). Reaction conditions: P = 3.0 MPa, H2/feed ratio of 1000 Nm3/m3.

FIG. 5. Hydrodesulfurization (HDS) conversion obtained at different
hydrocracking levels for the composite NiMo-zeolite catalysts prepared
from nanocrystalline and fluoride-made beta samples. The hydrocracking
conversion has been varied by changing the reaction temperature at con-
stant WHSV (2 h−1). Reaction conditions: P = 3.0 MPa, H2/feed ratio of
1000 Nm3/m3.

case of the nanocrystalline beta catalysts. Furthermore, the
use of very small crystallites results in a higher selectivity to
the desired middle distillates, as a consequence of the faster
diffusion of the intermediate products and lower recracking
rates.

Comparison of Nanocrystalline Beta
with Conventional Supports

In this part of the work we compare the catalytic per-
formance of the nanocrystalline beta zeolite (sample NB8,
Si/Al = 8) with other materials that are commonly used as

FIG. 6. Hydrodenitrogenation (HDN) conversion obtained at differ-
ent hydrocracking levels for the composite NiMo-zeolite catalysts pre-
pared from nanocrystalline and fluoride-made Beta samples. Reaction
conditions as in Fig. 5.
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FIG. 7. Hydrocracking (HCK) activity of different NiMo-supported
catalysts as a function of reaction temperature. Reaction conditions: P =
3.0 MPa, WHSV = 2 h−1, H2/feed ratio of 1000 Nm3/m3.

supports in the formulation of hydrocracking catalysts, such
as amorphous silica-alumina (SiAl) and an ultrastable low
unit cell size Y zeolite (USY). Moreover, the results ob-
tained on a commercial beta sample (BPQ) are also in-
cluded in the comparison. For this study the NiMo precur-
sors were directly impregnated on the acidic supports in a
concentration of 12 wt% MoO3 and 3 wt% NiO.

Concerning the hydrocracking activity, the results in
Fig. 7 show that the catalysts based on beta are more active
than the one based on USY zeolite, with the amorphous
silica-alumina being less active for hydrocracking. Among
the two beta samples, the nanocrystalline NB8 zeolite gives
a higher hydrocracking conversion. The order of activity for
hydrocracking corresponds well with the Brönsted acidity
of the NiMo-supported catalysts before sulfidation as de-
termined by pyridine adsorption (Table 4).

Furthermore, the selectivities to the different hydro-
cracking fractions calculated at ca 50% hydrocracking con-
version are given in Table 6. As observed, the nanocrys-

TABLE 6

Selectivity to the Hydrocracked Fractions Obtained at ca 50%
Hydrocracking Conversion on the Different NiMo-Supported
Catalysts Containing 12 wt% MoO3 and 3 wt% NiO

Selectivity (wt%)

Catalyst Gasesa Naphthab Middle distillatesc

NiMo/NB8 11.4 32.7 55.9
NiMo/BPQ 15.0 34.5 50.5
NiMo/USY 17.1 33.3 49.6
NiMo/SiAl 15.8 29.6 54.6

a Gases: C1–C4.
b Naphtha: C5—195◦C bp.
c Middle distillates: 195–360◦C bp.

FIG. 8. Hydrodesulfurization (HDS) activity of NiMo-supported
catalysts as a function of reaction temperature. Reaction conditions as
in Fig. 7.

talline beta zeolite gives the lowest selectivity to gases,
indicating a low recracking activity. Consequently, the se-
lectivity towards middle distillates is high in the NiMo/NB8
catalyst, which is even more selective to these products than
the catalyst based on amorphous silica-alumina which is the
preferred support for maximizing the yield to middle dis-
tillates in commercial hydrocracking catalysts (3).

On the other hand, the catalyst based on the nanocrys-
talline beta zeolite displays an HDS activity similar to that
obtained on the amorphous silica-alumina catalyst, and
much higher at a given reaction temperature than the ac-
tivity of the catalysts based on the commercial beta and
USY zeolites (Fig. 8). The higher external surface area of
the nanocrystalline beta (ca 400 m2/g, estimated from N2 ad-
sorption), as compared to the commercial beta (ca 180 m2/g)
and USY (ca 190 m2/g) would favor a better dispersion of
the active phase for the HDS reaction. Consequently, the
behavior of the NiMo/NB8 catalyst resembles more that of
the high surface area (268 m2/g) amorphous silica-alumina
with respect to the HDS activity.

3. CONCLUSIONS

Beta zeolite shows good performance for mild hydro-
cracking of vacuum gasoil. When composite NiMo-γ -
Al2O3-beta catalysts are prepared it has been shown that
better results are obtained when the NiMo are not on the
beta zeolite but on the alumina component of the catalyst.
An intermediate behavior was observed when the metals
are supported on a physical mixture of both components, i.e.
γ -Al2O3 and beta. The crystallite size of the zeolite plays
an important role, and the smaller the crystallites of the
beta zeolite the better is the catalytic activity towards
hydrocracking and HDS reactions, and the higher is the
selectivity towards the desired middle distillate fraction. It
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has been shown also that the catalyst based on nanocrys-
talline beta gives better results than those based on USY
zeolite and amorphous silica-alumina.
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