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Two kinds of NiMo/HY catalysts, with and without mesopores,
were prepared starting from two NaY zeolites with different Si/Al
ratios. Both catalysts possessed similar properties arising from
micropores because the catalysts had similar zeolitic framework
structures. For both catalysts, most of the NiMo sulfides were dis-
persed inside the micropores. The remaining NiMo sulfides, be-
ing relatively large particles (3–10 nm), were located on the meso-
pore surface for the NiMo/HY with mesopores, whereas for the
NiMo/HY without mesopores, they were located on the external
surface of zeolite particles. The catalytic activities were evaluated
by the hydrocracking of tetralin and atmospheric residue. Both cat-
alysts showed similar catalytic performance in the hydrocracking of
tetralin, which diffused into the micropores. In the hydrocracking of
atmospheric residue, however, NiMo/HY with mesopores was supe-
rior to that without mesopores. These results revealed the important
role of mesopores as active catalytic sites in the hydrocracking of
heavy oils. c© 2001 Academic Press
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1. INTRODUCTION

Hydrocracking is one of the most promising processes for
producing valuable petroleum products from heavy oils. In
hydrocracking, Y-type zeolite-based catalysts have many
advantages over amorphous SiO2–Al2O3 catalysts, namely,
high activity, low coke formation, high resistance against ni-
trogen compounds, and high regenerability (1). An intrinsic
problem of Y-type zeolite catalysts, however, is the inabil-
ity of large molecules to diffuse into the 0.74-nm-diameter
micropores. Therefore, active catalytic sites are limited to
the external surface.

External surfaces of Y-type zeolites are classified into
two categories: the external surface of zeolite particles, and
the mesopore surface that is formed during ion exchange
and dealumination procedures (2). Past studies on the ex-
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ternal surfaces of Y-type zeolites predominantly dealt with
the external surface of zeolite particles, for example, by
comparing the catalytic activities of zeolites with different
particle sizes using model compounds (3), vacuum gas oil
(4), and heavy gas oil (5). Those reports did not discuss
in detail the active catalytic sites on the mesopore surface.
However, the external surface areas of zeolite particles with
an average diameters of ∼1 µm are quite small, and thus
the majority of the catalytic sites for large molecules are
located on the mesopore surfaces. The role of mesopores in
the reactions of large molecules has been empirically recog-
nized in the catalytic cracking or hydrocracking processes
(6). Nevertheless, there have been very few studies on the
mesopores of Y-type zeolites, probably due to the complex-
ity of the catalytic properties of Y-type zeolites with great
mesoporosity.

The final goal of our research group is to develop Y-type
zeolite catalysts with proper mesoporosity that are favor-
able for the hydrocracking of heavy oils. For this purpose,
the catalytic properties and activities of the mesopores of
Y-type zeolites must be clarified. In a previous study, we
prepared two kinds of HY zeolites, with and without meso-
pores, starting from two kinds of NaY zeolites, and then
evaluated their cracking activity using two model com-
pounds of different molecular size (7). The results clearly
indicated that the mesopores of Y-type zeolites played an
important role in the cracking of large molecules that can-
not diffuse into the micropores.

In our current study, we prepared two kinds of NiMo-
supported zeolite catalysts using the above-mentioned HY
zeolites, with and without mesopores, starting from two
kinds of NaY zeolites. We then evaluated the catalytic
activities of the two NiMo catalysts in the hydrocrack-
ing of heavy oil and tetralin. The results revealed the im-
portant role of mesopores in the hydrocracking of heavy
oils over zeolite-supported NiMo sulfide catalysts. In ad-
dition, problems of zeolite-supported NiMo sulfide cata-
lysts in the hydrocracking of heavy oils are discussed on
the basis of the results of detailed characterization of the
catalysts.
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2. EXPERIMENTAL

2.1. Preparation of Catalysts

Two kinds of NaY zeolites were used as starting materials:
NaY(TO) with a framework Si/Al ratio of 2.8 supplied from
Tosoh Corp. and NaY(CE) with a framework Si/Al ratio of
4.1 prepared in our laboratory by hydrothermal synthesis
using 15-crown-5 as a template (8). The HY zeolites were
obtained by ion exchange cycles using an aqueous solution
of ammonium sulfate (3 mol/l) at 368 K for 1 h, followed
by drying at 393 K for 12 h and calcining in dry air at 873 K
for 3 h. This ion exchange cycle was repeated 3 or 4 times
so that the final Na concentration was less than 0.6 wt%.
The total amount of ammonium sulfate in the ion exchange
solution was 1.7 equiv for the first cycle and 3.0 equiv for
subsequent cycles. Further details of the zeolite synthesis
were described previously (7).

NiMo/HY catalysts (NiO= 1.7 wt%, MoO3 = 6.7 wt%)
were prepared by the following impregnation method
using aqueous solutions of ammonium heptamolybdate
((NH4)6Mo7O24:AHM) and nickel nitrate (Ni(NO3)2). Af-
ter the Mo impregnated zeolites were dried at room tem-
perature, Ni impregnation was done, followed by drying at
393 K for 12 h and calcination at 823 K for 3 h. All the dry-
ing and calcination procedures were done under ambient
atmospheric conditions. Prior to the characterization and
reaction tests, each NiMo/HY catalyst was sulfided with a
flow of 5% H2S/H2 gas under atmospheric pressure for 2 h
at 673 K.

Molybdenum dithiocarbamate ([(C8H17)2NC])2S6Mo2-
O2:MoDTC), an oil-soluble organic metal complex, was
chosen as a reference catalyst, because MoDTC had no
cracking function but exhibited high performance in the
hydroprocessing of heavy oils.

2.2. Characterization of Catalysts

The porosity of each sample was determined by measur-
ing the N2 isotherm at 77 K with a Micromeritics ASAP
2010. The total surface area was calculated by using the
BET method. The external surface area and micropore
volume were calculated by using the t-plot method.
Note that this calculated external surface area contains
both the mesopore surface area and the external surface
area of the zeolite particles. The micropore surface area
was obtained by subtracting the calculated external surface
area from the calculated total surface area. The pore
size distribution profile was calculated by using the BJH
method with the N2 desorption isotherm (9). The mesopore
volume was obtained by integrating the differential pore
volume in Fig. 2 for the pores with the diameter ranging
from 2 nm to 50 nm.

The relative crystallinity and unit cell parameter of ze-

olite were calculated from the X-ray diffraction (XRD)
patterns that were recorded with a MAC Science MXP-18
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diffractometer and CuKα radiation (0.1542 nm). The rela-
tive crystallinity was estimated by comparing the intensities
of the six peaks respectively assigned to (331), (511), (440),
(533), (642), and (555) reflections. The unit cell parameters
were calculated from the (533) and (642) reflection peak
positions that were determined using the (101) reflection
peak of TiO2 (anatase) as an internal standard.

The framework Si/Al ratio was obtained from the above
unit cell parameters by using Breck’s equation when the
Si/Al ratio was smaller than 3 (10) and by using Engelhardt’s
relation when it was larger than 3 (11). The bulk Si/Al ra-
tio was determined by inductively coupled plasma emission
spectroscopy. The Na content was measured by atomic ab-
sorption analysis.

The acid properties were measured with an FT-IR in-
strument (Japan Spectroscopic Co., Ltd. FT/IR-5MP) using
pyridine as a probe molecule. The measurement procedures
were as follows. The sample (about 12.5 mg) was weighed
and pressed into a self-supporting 10-mm-diameter wafer.
After evacuation of the cell in a transmission IR cell at
673 K for 2 h, 400 Pa of pyridine was introduced into the
cell at 423 K for 5 min. The physisorbed pyridine was re-
moved by evacuation at the same temperature for 30 min.
The IR spectrum was recorded at a resolution of 4 cm−1. The
amounts of Brønsted and Lewis acid sites were determined
by the absorbance at 1543 and 1453 cm−1, respectively.

The dispersion of NiMo sulfide on HY zeolite was esti-
mated by the chemisorption of NO using a pulse-type reac-
tor with a thermal conductivity detector (TCD). After the
catalyst was sulfided under the above-described conditions
(flow of 5% H2S/H2 gas under atmospheric pressure for 2 h
at 673 K), the physisorbed H2S was removed by flowing He
at 673 K for 0.5 h. Pulses of 10.2 wt% NO gas with a volume
of 2.0 cm3 (9.1 × 10−6 mol) were introduced at 303 K to the
catalyst at 2-min intervals until the catalyst surface was sat-
urated with NO. The dispersion was calculated by dividing
the number of moles of adsorbed NO by that of Mo.

The local structure around the Mo atoms was determined
from extended X-ray absorption fine structure (EXAFS).
The Mo K-edge EXAFS was measured at the BL-10B of the
Photon Factory at the High Energy Accelerator Research
Organization (Tsukuba, Japan). The catalyst was pressed
into a self-supporting wafer, which was sulfided in a glass
cell with Kapton windows under the above-described con-
ditions (flow of 5% H2S/H2 gas under atmospheric pressure
for 2 h at 673 K). After purging of the cell by N2, the mea-
surement was done at room temperature in the transmission
mode without exposing the sample to air. The radial distri-
bution function around Mo was obtained by Fourier trans-
formation of the k/f(k)-weighted EXAFS. The detailed
procedure for this transformation was described elsewhere
(12).
The morphology of NiMo sulfide was observed by trans-
mission electron microscopy (TEM). The samples were
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TABLE 1

Properties of AR

Density (288 K, g/cm3) 0.983
Sulfur content (wt%) 4.22
Nitrogen content (wt%) 0.27
Nickel content (ppm) 29
Vanadium content (ppm) 92
Asphaltene (wt%) 7.70

prepared by embedding the catalyst powders in epoxy resin
at 338 K, followed by slicing using an ultramicrotome. The
thickness of each sample was about 100 nm.

The chemical state and composition at the external sur-
face of particle of the catalyst were measured by X-ray pho-
toelectron spectroscopy (XPS) using a PHI-5500 spectrom-
eter with monochromated AlKα radiation (1486.3 eV). The
chemical composition was calculated using the peak areas
and the atomic sensitivity factor given by the manufacturer
(13).

2.3. Hydrocracking Reactions

Hydrocracking of tetralin as a model compound was
done using a batch-type reactor whose inner volume was
50 cm3. An autoclave with an electric furnace was waved
with a rocking system during the reaction. The experimen-
tal conditions were as follows: 5 ml of tetralin, 0.3 g of
catalyst, initial hydrogen pressure of 5.9 MPa (cold charge),
reaction temperature of 623 K, and reaction time of 5 min to
60 min. The liquid products were analyzed using gas chro-
matography (GC) with an FID detector (Hewlett-Packard
6890)with a methylsilicon capillary column (Hewlett-Pac-
kard Ultra #1, 0.20 mm × 25 m). The gas products were
analyzed with TCD-GC (Hewlett-Packard 6890).

For the hydrocracking of heavy oil, Arabian-heavy at-
mospheric residue (AR) was chosen as a feedstock. The
properties of AR are listed in Table 1. A batch-type reactor
whose inner volume was 140 ml was used for the reaction.

The experimental conditions were as follows: 10 g of feed- of NaY(TO) were similar to those of NaY(CE), because

stock, 1 g of catalyst, initial hydrogen pressure of 9.8 MPa

TABLE 2

Characterization of Zeolites

Na Unit cell Si/Al molar ratio Relative Surface area (m2/g) Pore volume (cm3/g) Acidity
content parameter crystallinity

Zeolite (wt%) (nm) Framework Bulk (%)a Micropore External Micropore Mesopore Brønsted Lewis

NaY(TO) 7.09 2.463 2.8 2.9 100 707 46 0.33 0.068
HY(TO) 0.27 2.452 5.0 3.2 80 644 122 0.30 0.114 0.76 0.77

NaY(CE) 6.14 2.457 4.1 3.6 124(100) 716 38 0.33 0.015
HY(CE) 0.56 2.450 5.3 3.7 101(81) 628 57 0.29 0.026 0.77 0.57

both zeolites had the same framework structure. For both
a NaY(TO) was selected as a standard. The value in parentheses indicate
T AL.

(cold charge), reaction temperature of 683 K, and reaction
time of 3 h and 6 h. The liquid products were analyzed
by high-temperature simulated distillation chromatogra-
phy (AC Analytical Controls SIMDIS HT-750). The gas
products were analyzed by the above-described TCD-GC.
The amount of asphaltene was determined by measuring
the n-heptane-insoluble materials. The sulfur and nitrogen
contents were measured using a sulfur and nitrogen ana-
lyzer (APS Technology, Inc. APS35).

3. RESULTS AND DISCUSSION

3.1. Characterization of HY Zeolites

Table 2 summarizes the characterization results for the
NaY and HY zeolites. The Na content in NaY(TO) was
reduced to less than 0.3 wt% by three cycles of ion ex-
change. The unit cell parameter simultaneously decreased
from 2.463 nm of NaY-type to 2.452 nm of HY-type due to
dealumination from the zeolitic framework. The estimated
change in the framework Si/Al ratio was from 2.8 of NaY-
type to 5.0 of HY-type. In contrast, 0.56 wt% of Na remained
in HY(CE) after four cycles of ion exchange of NaY(CE),
despite the lower Na content in the starting material. Dur-
ing the ion exchange procedure, the Si/Al ratio of the frame-
work changed from 4.1 to 5.3. These results indicate that in
NaY(TO), the Na ions were relatively easily exchanged, to-
gether with dealumination from the framework, whereas in
NaY(CE), the Na ion exchange and dealumination did not
easily occur. As a result, the difference in the framework
Si/Al ratios between HY(TO) and HY(CE) was relatively
small compared to that between NaY(TO) and NaY(CE).

For both HY zeolites, the bulk Si/Al ratios were much
lower than those of the framework. In addition, the rela-
tive crystallinities of the HY zeolites were about 80% of
their corresponding NaY zeolites. These results indicate
that the extracted Al species from the framework during
ion exchange remained in the HY zeolite particles.

The surface area and pore volume of the micropores
s the relative crystallinity referred to NaY(CE).
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FIG. 1. N2 isotherm. (a) NaY(TO), (b) HY(TO).

zeolites, the ion exchange reduced these values by about
10%, which was about half of the decreases in the crys-
tallinity. Table 2 indicates evident changes in the exter-
nal surface area and mesopore volume during the ion ex-
change cycles. The changes were particularly significant for
NaY(TO). As a result of these ion exchange cycles, the
mesopore volume of HY(TO) was about 4 times larger
than that of HY(CE). Figure 1 compares the isotherms of
NaY(TO) and HY(TO). The increase in the adsorbed vol-
ume with the relative pressure between 0.05 and 0.9 and the
large hysteresis observed for HY(TO) corresponds to the
larger mesopore volume of HY(TO).

Figure 2 shows the changes in the pore size distribution
profiles of the zeolites. NaY(TO) had a small mesopore
volume with mesopore diameters ranging from 2 nm to
50 nm whereas NaY(CE) had no mesoporosity. The ion
exchange increased the mesopore volume of both zeolites.
FIG. 2. Pore size distribution calculated by using the BJH method
with the N2 desorption isotherm. (a) Y(TO), (b) Y(CE).
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The increase in the mesopore volume of Y(CE), however,
was smaller than that of Y(TO). In fact, Fig. 2 shows that
the change in the mesopore volume of Y(CE) with ion
exchange was negligibly small, as compared with that of
Y(TO). By SEM observation (7), the morphology of the
particles for either zeolite remained relatively unchanged
during the ion exchange cycle. These observations suggest
that the increase in the external surface area of HY(TO)
was due to the formation of mesopores inside the zeolite
particles.

The acid properties of HY zeolites are listed in Table 2.
The Brønsted acidity of HY(TO) was similar to that of
HY(CE). This similarity is due to the similar framework
structure and similar Si/Al ratios for HY(TO) and HY(CE),
because Brønsted acid sites originate from the Al atoms
in zeolite framework structures. Extraframework Al2O3

species, which are produced by extraction of aluminum ox-
ide from the zeolite framework, are known to function as
Lewis acid sites (14). The higher Lewis acidity of HY(TO)
is likely due to the larger amount of extraframework Al2O3

in HY(TO).
In summary, two kinds of HY zeolites had similar prop-

erties arising from the zeolite framework structure. Com-
pared with HY(CE), HY(TO) possessed significantly larger
mesopore volume and extraframework Al2O3. The SEM
photographs showed that the extraframework Al2O3 was
not located as bulk on the external surfaces of the parti-
cles. However, possible locations of extraframework Al2O3,
such as inside micropores or inside mesopores, need further
study.

3.2. Characterization of NiMo/HY Catalysts

3.2.1. Framework structure. The physical and chemi-
cal properties of NiMo/HY catalysts are listed in Table 3.
The unit cell parameters of the two NiMo/HY catalysts did
not differ significantly from those of HY zeolites given in
Table 2; the unit cell parameter of HY(TO) decreased
from 2.452 to 2.449 nm, and that of HY(CE) from 2.450
to 2.449 nm. These changes were much smaller than those
observed from NaY type to HY type. This indicates that
the framework Si/Al ratios of the zeolites did not change
during the NiMo loading. The loading of NiMo sulfide,
however, resulted in a decrease in relative crystallinity
of both zeolites. The crystallinities of NiMo/HY(TO) and
NiMo/HY(CE) were 70% and 77%, respectively, of that
before loading (Table 3).

This decrease in crystallinity was partly due to the X-ray
absorption by Ni and Mo. Leglise et al. (15) calculated (by
using XRD) the effect of Mo on the estimated crystallinity.
On the basis of their calculations, the intrinsic crystallinity
(Ci) of zeolite with 6.7 wt% of Mo was obtained by mul-
tiplying the experimentally obtained crystallinity (Ce) by a
factor of 0.83. To confirm their calculations, we measured

the crystallinity of physical mixtures of zeolite with 6.7 wt%
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TABLE 3

Characterization of NiMo/HY Catalysts

Unit cell Framework Relative Surface area (m2/g) Pore volume (cm3/g) Metal dispersion
parameter Si/Al molar crystallinity NO/Mo

Catalyst (nm) ratio (%)a Micropore External Micropore Mesopore (mol/mol)

NiMo/HY(TO) 2.449 5.6 53 (70) 467 112 0.20 0.125 0.15
NiMo/HY(CE) 2.449 5.6 77 (77) 497 63 0.21 0.054 0.18
a d
NaY(TO) was selected as a standard. The value in parentheses in

of MoO3 and MoS2. The resulting Ci/Ce ratio was 0.83 for
MoO3 and 0.84 for MoS2, consistent with the calculation by
Leglise et al. These results indicate that in our experiments
the intrinsic crystallinity of HY zeolites decreased by about
10–15% due to NiMo loading.

For both catalysts, the loading of NiMo sulfide decreased
the surface area and pore volume arising from microp-
ores by about 30%. The external surface area and meso-
pore volume of HY(TO) were not significantly changed by
NiMo loading, whereas the mesopore volume of HY(CE)
increased from 0.026 to 0.054 cm3/g by NiMo loading. The
pore size distribution profiles (Fig. 2) show that the meso-
pore distribution of NiMo/HY(TO) was similar to that of
HY(TO), whereas the mesopore volume of Y(CE) with di-
ameters ranging from 2–50 nm increased after NiMo load-
ing. However, the mesopore volume of NiMo/HY(CE) was
still about half that of NiMo/HY(TO).

These results indicate that NiMo loading resulted in the
destruction of zeolite framework and in the formation of
mesopores, particularly in HY(CE), although dealumina-
tion from the framework was not significant. Cid et al. (16–
18) reported that the interaction between AHM (used in
the impregnation of zeolites) and zeolite likely destroyed
the zeolite structure during the calcination procedures. The
possible destruction of the framework during the presul-
fidation cannot be excluded as suggested by Welters et al.
(19).

3.2.2. Dispersion and location of NiMo sulfide. The
Mo3d XPS spectra of two NiMo/HY catalysts are shown
in Fig. 3. The peaks at 229.3 eV and 232.3 eV with spin
orbital coupling (Mo3d5/2 and Mo3d3/2) were assigned to
Mo4+ of MoS2. The curve-fitting results of the spectra
indicate almost no contribution from Mo6+ . Other pa-
rameters obtained form XPS spectra are summarized in
Table 4. The S2p binding energies of 162.2–162.4 eV indi-
cate that all the sulfur species in the catalysts were present
as metal sulfides. The peak Ni2p3/2 at 853.6 eV was as-
signed to nickel sulfide, possibly Ni3S2 or NiS. For both
catalysts, the S/Mo ratio of about 2 shows that the Mo
species at the external surface of zeolite particles was
oS2. The Mo/(Si+Al) ratio of NiMo/HY(CE) was 3 times
igher than that of NiMo/HY(TO). This indicates that Mo
icates the relative crystallinity referred to each HY type.

sulfides were more concentrated at the external surface of
zeolite particles in NiMo/HY(CE) than in NiMo/HY(TO).
For NiMo/HY(TO) the Mo/(Si+Al) ratio observed by XPS
was smaller than the calculated ratio of the bulk, whereas
for NiMo/HY(CE) that ratio observed by XPS was slightly
higher than the calculated ratio of the bulk. Both NiMo/HY
catalysts showed similar Ni/(Si+Al) ratios, which were al-
most equal to that of the bulk (0.017). Considering the ex-
perimental error, the distribution of Ni from the surface to
the bulk can be assumed to be almost even for both cata-
lysts.

Fourier transforms of Mo K-edge EXAFS spectra of the
two NiMo catalysts are shown in Fig. 4. Both spectra showed
two intense peaks, respectively corresponding to Mo–S
(r = 0.24 nm) and Mo–Mo (r = 0.32 nm) scattering, but
showed no peak assignable to Mo–O scattering. The aver-
age coordination number of Mo–Mo was estimated using
the following relation (20, 21),

N(Mo) = BIr 2,

where I is the peak intensity of Mo–Mo scattering, r is the
distance between the Mo atoms, and B is the proportionality
FIG. 3. Mo3d XPS spectra of NiMo/HY catalysts.
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FIG. 4. Four
NiMo/HY cataly
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TABLE 4

XPS Measurements of NiMo/HY Catalysts

Peak energy (eV) Molar ratioa

Catalyst Mo3d Ni2p S2p S/Mo Mo/(Si+Al) Ni/(Si+Al) Ni/(Mo+Ni)

NiMo/HY(TO) 229.3 853.6 162.4 1.6 0.017 (0.035) 0.014 (0.017) 0.45
NiMo/HY(CE) 229.3 853.8 162.2 1.9 0.045 (0.034) 0.017 (0.017) 0.27
a lk.
The numbers in parentheses show the ratio in the bu

constant for Mo–Mo scattering obtained from MoS2 crys-
tals that have six Mo atoms around another Mo atom. Note
that this relation assumes that the thermal and static disor-
ders are constant. For both NiMo/HY catalysts, the calcu-
lated N(Mo) was 2.6. Using the relationship between the
N(Mo) and crystallite size of MoS2 (22) that included the
effect of distortion and disorder of crystals (22, 23), we es-
timated that the average MoS2 particle size was approxi-
mately 2 nm.

Table 3 shows the dispersion of NiMo sulfide analyzed
by using NO chemisorption. The dispersion on HY(TO)
was 0.15, whereas that on HY(CE) was 0.18. These values
are larger than those reported previously on Mo/NaY with
similar metal content (24, 25).

The characterization results of EXAFS and NO chemi-
sorption give “average information” about NiMo sulfide
in the catalysts. In contrast, TEM images give local but
clear information about the morphology of MoS2 parti-
cles as shown in Fig. 5. For both catalysts, the TEM images
show that MoS2 particles aggregated with stacked layers.
The number of layers was about 5 to 10, which is greater
than those reported for Al2O3-supported catalysts in many
previous studies (26–30). The length of the particle layers
ier transforms of the Mo K-edge EXAFS spectra for
sts.
was from 3 nm to 10 nm, which is also larger than those
reported for Al2O3-supported catalysts in many previous
reports (26–30). These observations in Fig. 5 are not con-
sistent with the EXAFS and NO chemisorption results.

Both catalysts presumably contained two kinds of MoS2

particles: small clusters located inside the zeolite frame-
work, and large particles located on the external surface.
The small clusters were located in the micropores, either
sodalite cage or supercage (31), and could not be ob-
served by TEM. When catalysts were prepared starting
from Mo(CO)6 that can penetrate into micropore (24, 32),
almost all of the MoS2 clusters were located in the micro-
pores. In the catalysts that we prepared from AHM, the
Mo7O6−

24 anion that is formed in the first step of impregna-
tion cannot penetrate the micropores. Due to calcinations
above 623 K, however, Mo species migrate into the mi-
cropores (16, 18, 19, 33, 34). This migration results in the
majority of MoS2 clusters being located inside the micro-
pores, as evidenced by relatively large NO chemisorption
values (Table 3) and small average particle size estimated
from EXAFS.

As discussed above, no significant differences between
NiMo/HY(CE) and NiMo/HY(TO) were observed in the
dispersion of MoS2 clusters inside the micropores. The dif-
ference in the surface Mo/(Si+Al) ratios determined by
XPS was caused by different locations of the large MoS2 par-
ticles. The major part of the large MoS2 particles observed
in the TEM photographs (Fig. 5) are presumably located
on the external surface of zeolite particles. In the case of
NiMo/HY(TO), however, some of those particles with rela-
tively small sizes are located inside the mesopores. It should
be noted that the different locations of Mo sulfide particles
between the two catalysts do not affect the average disper-
sion estimated by NO chemisorption and EXAFS, because
the main contribution to the average dispersion is that of the
MoS2 clusters inside the micropores. The more significant
aggregation of MoS2 on zeolite than that on Al2O3 support
(30) might be related to the weak interaction between Mo
species and zeolite when the Si/Al ratio is high.

In contrast to the Mo/(Si+Al) ratio, both catalysts show
similar Ni/(Si+Al) ratios in the XPS analysis. Due to the

smaller size of Ni cations formed during the impregna-
tion, the distribution of Ni in the zeolite particles was even,
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FIG. 5. TEM photographs of NiMo/HY catalysts. (a) NiMo/HY(TO), (b) NiMo/HY(CE).
irrespective of the presence or absence of mesopores. Inside
micropores, it is very likely that MoS2 clusters form cata
lytically active “Ni–Mo–S” structure (35) as indicated by
Leglise et al. For the large MoS2 particles, however, the
Ni/(Mo+Ni) ratios measured by XPS were different in the
two zeolites. Further study is needed to clarify if these large
MoS2 particles form the Ni–Mo–S structure.

As discussed in Section 3.2.1, NiMo loading caused de-
struction of the zeolite framework. However, the difference
in mesoporosity between two HY zeolites was preserved
after the loading of NiMo sulfide, because the destruction
was not significant. For both catalysts, most of the NiMo sul-
small clusters located in the micropores, and the compounds were partially hydrogenated tricyclic com-

der were relatively large-size particles located on the

TABLE 5

Reaction Rate and Product Distribution of Tetralin Hydrocracking

Reaction for 1 h

Product distribution (%)

Dicyclic
Rate per total Tetralin
surface area conversion Decalin Indan,

Catalyst (mol m−2 min−1) (%) Gas Monocyclic Decalin isomers methylindan Naphthalene Heavy

NiMo/HY(TO) 1.74× 10−6 49.4 2.3 26.2 3.5 8.8 7.1 2.5 49.6

pounds and phenylbutyltetralin.
iMo/HY(CE) 1.63× 10−6 44.9 2.2 25.1
external surface of the zeolite particles for NiMo/HY(CE)
or on the mesopore surface for NiMo/HY(TO).

3.3. Hydrocracking of Tetralin

Table 5 shows the reaction rate and product distribu-
tion in the hydrocracking of tetralin. According to our
previous study (36), the products were classified into
the following groups: gas, monocyclic compounds, dicyclic
compounds, and heavy compounds. Dicyclic compounds
were further classified into decalin, decalin isomers, indan,
methylindan, and naphthalene. The majority of the heavy
3.8 7.9 7.1 3.6 50.3
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The reaction rate per unit surface area for NiMo/
HY(TO) was about 7% higher than that for NiMo/
HY(CE). As we previously reported (36), the effect of
pore diffusional limitation is not significant under the
reaction conditions that we studied here, according to
the calculation using the Thiele modulus. Thus, tetralin
molecules can diffuse into the micropores of Y-type zeolite.
The similar catalytic activities for both NiMo/HY catalysts
are presumably due to their similar catalytic properties aris-
ing from the micropore structures, namely, the framework
Si/Al ratio, Brønsted acidity, and metal dispersion on the
micropores. The slightly higher activity of NiMo/HY(TO)
to the larger mesoporosity might enhance the diffusion of
tetralin into the Y-type micropores. However, the similar
product distributions over the NiMo/HY catalysts suggest
that the effect of mesopores was small, if any.

Table 5 shows that both NiMo/HY catalysts yielded about
50% of heavy compounds. These heavy compounds were
produced by aromatic electrophilic substitution reactions
when dissociative hydrogen was not sufficiently supplied
from NiMo sulfide to the acid sites (36). Although an
HY zeolite-based catalyst showed better performance than
other zeolites in the hydrocracking of tetralin (37), the high
yields of heavy compounds in our study indicate an im-
balance between the acidity of zeolitic framework and the
hydrogen supply ability of NiMo sulfide. FT-IR measure-
ments (Table 2) showed that both HY zeolites had relatively
high Brønsted acidity. The catalysts that we studied here
showed relatively high dispersion of NiMo sulfide (Table 3),
but still could not supply sufficient hydrogen to compensate
for the high densities of the acid sites. The similar yields of
heavy compounds over the two NiMo/HY catalysts suggest
that the mesoporosity did not play an important role in the
suppression of these coke precursors.

3.4. Hydrocracking of AR

Table 6 shows the product distribution in the hydrocrack-
ing of AR with and without catalysts. The reaction with-

TABLE 6

Hydrocracking of AR

Product distribution
(wt%) HDS HDN

Reaction activity activity
time (h) Gas Liquid Asphaltene (%) (%)

Feed — 0 92.3 7.7 — —

No catalyst 6 3.5 87.4 9.1 1.3 4.6
(thermal
cracking)

MoDTC 3 2.1 97.2 0.67 58.6 35.6
MoDTC 6 2.5 96.6 0.95 77.0 52.3

NiMo/HY(TO) 3 16.2 74.9 6.4 52.0 26.8

NiMo/HY(CE) 3 19.6 72.3 7.3 33.3 12.7
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FIG. 6. Distillation curve of the products from the hydrocracking of
AR. (a) Reactions without catalyst and over MoDTC, (b) reactions over
NiMo/HY(TO) and NiMo/HY(CE).

out catalyst increased the asphaltene content and yielded a
small amount of gaseous products. The addition of MoDTC
significantly depressed the formation of asphaltene and
slightly decreased the gas production, compared with the re-
action without catalyst. In addition, MoDTC showed high
HDS and HDN activities (Table 6). Figure 6a shows the
distillation profiles of the feedstocks and the liquid prod-
ucts without a catalyst and with MoDTC. When no catalyst
was used, thermal cracking shifted the distillation profile
lower. When MoDTC was added, the shift in the profile
was similar to that without a catalyst. As shown in Fig. 7,
FIG. 7. Distribution of the gaseous products from the hydrocracking
of AR.
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the distribution of gas products over MoDTC was the same
as that without a catalyst. Therefore, these results indicate
that MoDTC functioned mainly as a hydrogenation and
hydrotreating catalyst that slightly depresses the cracking
reactions, which are due to the supply of hydrogen.

The product distributions over the zeolite-based
catalysts were quite different from those over MoDTC
(Table 6); both zeolite-based catalysts produced larger
amounts of gaseous products and asphaltene yields than
did catalysts with MoDTC. In addition, compared with
thermal reaction or MoDTC (Fig. 7), the zeolite-based
catalysts had low selectivity to methane and high selectiv-
ity to iso-C4 relative to normal-C4. This distribution was
characteristic of catalytic hydrocracking on acid sites via
carbenium cation (38). Note that NiMo/HY(CE) produced
slightly more gas products and higher asphaltene yields
than did NiMo/HY(TO) (Table 6).

In contrast to the similar gas product distributions for
NiMo/HY(TO) and NiMo/HY(CE), comparison of the two
distillation profiles indicates that NiMo/HY(TO) was supe-
rior to NiMo/HY(CE) in hydrocracking performance, par-
ticularly in the yields of the fraction under 700 K (Fig. 6b).
The entire profile for NiMo/HY(TO) shifted downward,
whereas for NiMo/HY(CE), the profile shifted upward
above 600 K. These results indicate that unfavorable hydro-
cracking reactions that led to gas production occurred in a
similar manner over both zeolite-based catalysts, whereas
favorable hydrocracking that produced light and middle
distillates was catalyzed only over NiMo/HY(TO). Table
6 also shows that higher HDS and HDN activities were
obtained over NiMo/HY(TO) than over NiMo/HY(CE),
although those activities were lower than those over
MoDTC.

The above reaction results indicate that the function of
the mesopores of NiMo/HY(TO) was to hydrocrack large
molecules and to remove heteroatoms. In contrast, the
function of the micropores was gas production, and thus
both zeolite-based catalysts produced similar yields and
product distributions of gaseous materials. When small
molecules were produced by thermal cracking or catalytic
cracking over the external surface, these molecules entered
the micropores and were further hydrocracked to gaseous
molecules.

As indicated by XPS (3.2.2), NiMo sulfides were dis-
persed on the mesopore surface of NiMo/HY(TO), which
served two functions, namely, hydrogenation and hydro-
cracking of large molecules. In NiMo/HY(CE), however,
the active sites for large molecules were limited to the ex-
ternal surface of zeolite particles, resulting in the observed
differences in the catalytic performance in distillation pro-
files, HDS and HDN. Our previous model reaction results
involving large-size molecules suggested that the cracking

rate per area over the mesopore surface was faster than
that over the external surface of zeolite particles (7). This
T AL.

faster rate might be due to the effect of mesopore as a
“specific field;” namely, porous structures are more effec-
tive for catalysis than are flat surfaces. As discussed in
Section 3.1., HY(TO) contained a larger amount of ex-
traframework Al2O3 and thus possessed large Lewis acid-
ity. In addition, the Ni/(Mo+Ni) ratios of NiMo sulfide
particles between NiMo/HY(TO) and NiMo/HY(CE) were
different. These different characters between two zeolites
might have affected their catalytic performances. However,
these differences were presumably relatively insignificant,
because both catalysts exhibited similar performances in
the hydrocracking of tetralin. Therefore, we conclude that
the differences in the distillation profiles of the products
over the two catalysts are, for the most part, attributed to
the different mesopore structures.

The advantages of NiMo/HY(TO) over NiMo/HY(CE)
in the reaction of AR are as follows: (i) zeolitic mesopores
provide favorable active catalytic sites for large molecules,
and (ii) well-dispersed NiMo sulfides on the mesopore sur-
face supply dissociative hydrogen species that enhance not
only hydrocracking but also heteroatom removal from large
molecules.

The NO adsorption results suggest that the dispersion
of NiMo sulfides in the catalysts that we studied was rel-
atively high. However, the hydrocracking of AR over the
NiMo sulfide catalysts resulted in high yields of asphaltene
(Table 6). Furthermore, the hydrocracking of tetralin over
the NiMo sulfide catalysts also resulted in high yields of
heavy compounds (Table 5). The production of these un-
suitable products was likely due to the imbalance between
cracking and hydrogenation activities of the catalysts, in
other words, insufficient interaction between cations pro-
duced on the acid sites and dissociatively adsorbed hydro-
gen produced on NiMo sulfide. The solid acid density of
the HY (Al/Si∼ 0.2) that we studied might have been too
high for hydrocracking AR. As evidenced by the TEM pho-
tograph (Fig. 5), some Mo sulfide aggregated and formed
particles as large as 10 nm. This means that the dispersion
of NiMo sulfide can be improved.

In the hydrocracking of AR, although the functionality
of NiMo/HY(TO) catalyst was significantly superior to that
of NiMo/HY(CE), it was not sufficient for hydrocracking
the fraction over 850 K. The mesopores of NiMo/HY(TO)
were presumably not large enough to accommodate the
heaviest fractions. To improve the catalytic performance of
HY-based hydrocracking catalysts, more precise control of
mesopore structures is required in addition to the control
of acid density and the improvement of the dispersion of
NiMo sulfide.

4. CONCLUSION

In this study, we prepared and characterized two kinds

of NiMo/HY catalysts with and without mesopores starting
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from two NaY zeolites with different Si/Al ratios. Both ze-
olites were found to possess similar properties arising from
micropore structure, namely, micropore surface area, mi-
cropore volume, framework Si/Al ratio, and Brønsted acid-
ity, whereas the two catalysts were found to have differ-
ent mesopore structures. For both catalysts, the majority
of NiMo sulfides were dispersed in the micropores of ze-
olites. In the NiMo/HY(TO) with mesopores, NiMo sul-
fides were also located inside the mesopores, whereas in
the NiMo/HY(CE), NiMo sulfides were deposited on the
external surface of zeolite particles.

In the hydrocracking of tetralin, no significant difference
was observed in the catalytic activities of the two NiMo/HY
catalysts. These similar activities were due to the simi-
lar catalytic properties arising from micropores, because
tetralin molecules could diffuse into the micropores. In the
hydrocracking of AR, compared to NiMo/HY(CE) with-
out mesopores, NiMo/HY(TO) with mesopores showed
superior performance in middle or light oil yields and
heteroatom removal. In gas production, however, both cat-
alysts showed similar results. These results on the hydro-
cracking of heavy oils indicate that the mesopore surface
of NiMo/HY(TO) played an important role in hydrocrack-
ing heavy fractions, whereas the micropores played a major
role in the gas production.

As evidenced by the large yield of heavy compounds
in the hydrocracking of tetralin, the hydrogen supply
from NiMo sulfides to acid sites was not sufficiently fast
to stabilize the intermediate cations. Further interaction
between hydrogenation active sites and acid sites is needed
to reduce unfavorable retrogressive reactions during the
hydrocracking of heavy oils. Furthermore, minimization of
acidity in the micropore surface is essential to suppress the
gas production.
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