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The catalytic hydrocracking (HC) of diphenylmethane (DPM)
and hydrodesulfurization (HDS) of dibenzothiophene (DBT) over
Ni, Mo, and Ni-Mo sulfide catalysts supported on a mixed ultra-
stable Y (USY) zeolite and y-Al,O3 were studied. The catalysts
were characterized using NH3 temperature-programmed desorp-
tion (TPD), X-ray photoelectron spectroscopy (XPS), UV-Vis—-NIR
diffuse reflectance spectroscopy (DRS), high-resolution transmis-
sion electron microscopy (HRTEM), and chemical composition
analysis. Because addition of zeolite to a conventional alumina sup-
port improves acidity, Ni, Mo, and Ni-Mo catalysts supported on
the combined supports had much higher HC activity. Ni was found
to be uniformly distributed throughout the catalysts; however, Mo
preferentially entered the structure of y-Al,O3 or was accommo-
dated as oxide aggregates on y-Al,Qg3, rather than associating with
zeolite. Ni and Mo catalysts supported on y-Al,03-USY zeolite
were good HDS catalysts and showed a shallow maximum in cata-
lytic activity at a NiO and MoQOj3 content of 5 mol%. The higher
activity at this content occurred because Ni or Mo species had
higher surface concentrations, higher dispersion, and were more
easily sulfided. Ni-Mo catalysts supported on y-Al,03-USY zeo-
lite had high HDS activity, which showed a prominent maximum
at a NiO/(NiO + MoOs) ratio of about 0.4, because at this ratio the
surface species of Ni and Mo were well dispersed and more easily
sulfided to form a Ni-Mo-S phase responsible for the high HDS
activity. The Ni—-Mo catalysts supported on y-Al,03-USY zeolite
have slightly higher HDS activity than y-Al,O3-supported Ni-Mo
Catalysts. (© 1999 Academic Press
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INTRODUCTION

Mo and W sulfide catalysts supported on y-Al,O3 and
promoted by Co and Ni have been applied to the in-
dustrial hydrotreatment of petroleum and liquefied coal
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(1). However, new environmental regulations require that
the sulfur content in diesel fuel be significantly reduced
to less than 0.05 wt%, which is not currently achiev-
able with the y-Al,Os-based catalysts. The major sulfur-
containing compounds in diesel fuel are benzothiophene,
dibenzothiophene (DBT), 4-methyldibenzothiophene, and
4,6-dimethyldibenzothiophene. It is well known that the
hydrodesulfurization (HDS) of DBT compounds proceeds
by two processes: hydrogenation (HYD) of the DBT ring
and hydrocracking (HC) of S-C bonds. Alumina-supported
transition metal sulfide catalysts have a high HYD activ-
ity but a relatively poor HC activity in hydrotreating pro-
cesses. In contrast, zeolites have a very high HC activity (2),
but their catalytic activity is easily deactivated under hy-
drotreating conditions. Thus, one potential class of efficient
next-generation HDS catalysts appears to be the combina-
tion of Ni-Mo/y -Al,O3 with zeolites, which would result in
both high HYD and HC activities and greater accessibility
of DBT molecules to the active sites.

Several studies have found that a combination of Ni-Mo
sulfide catalystwith zeolites isa promising approach to next-
generation hydrotreating catalysts. Mann et al. (3) stud-
ied the HDS and hydrodenitrogenation (HDN) of heavy
gas oil over Ni-Mo sulfide catalysts supported on zeolite—
alumina-silica at 350-425°C, and they found that this com-
bination of catalysts can remove as much as 99% S and
86% N at 425°C. Harvey and Pratt (4) studied the HDN
reaction of quinoline over catalysts of metal ion-exchanged
Y zeolite mixed with a standard Ni-Mo/y -Al,O3 and found
that only ruthenium-exchanged Y zeolite promotes the
HDN activity of the standard Ni—-Mo/y-Al,O3 catalyst.
Shimada et al. (5) compared the catalytic activities of coal-
derived liquids over a series of Ni-Mo/y-Al,Os-HY zeo-
lite catalysts. They found that HYD activity decreases and
HC activity increases with the proportion of Y zeolite in
the support and that the HDN and HYD activities of the
zeolite-supported catalysts are generally poorer than those
of alumina-supported catalysts. Minja and Ternan (6) found
that the addition of H-mordenite to a Co-Mo/y-Al;O3
catalyst can increase V and Ni hydrodemetallization,
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because H-mordenite increases the number of acidic sites
on the exterior surface, changes the pore geometry, and im-
proves the rate of diffusion to the catalyst surface. Yang
et al. (7) studied the effect of the matrix on the Ni and V
poisoning of USY zeolite and found that the presence of
the matrix (e.g., SiO, and y-Al,O3) can increase the resis-
tance of USY to steam deactivation. In addition, toluene
disproportionation by NiS/SiO; and USY zeolite (8) and
xylene isomerization by NiS/y-Al,O3 and USY zeolite
(9, 10) were studied, and both NiS/SiO, and NiS/y-Al,O3
significantly increase the activity of the USY zeolite, which
is believed to relate to hydrogen spillover. More recently,
Yumoto (11) reported a new type of y-Al,Os-zeolite-based
catalyst for deep HDS, and found that a small amount of
zeolite accelerates the hydrogenation rate of the DBT ring.

In contrast, the HDS catalytic potential of zeolite ad-
dition to conventional Ni-Mo/y-Al,Oj3 catalysts remains
poorly understood. The distribution and local chemical en-
vironment of Ni and Mo and their relationship to catalytic
activities of y-Al,O3-USY zeolite-supported catalyst are
not known. Optimization of Ni-Mo/y-Al,03-USY cata-
lysts for various hydrotreating reactions also requires an
understanding of the nature of the catalytic sites (i.e., on
the types of acid sites present in the materials, the dis-
tribution of Ni and Mo between the alumina and zeolite,
and the local chemical environment of the metals). Thus,
in the present work, the HC reactions of DPM and the
HDS of DBT were carried out to examine the activity of
y-Al,03-USY zeolite-supported catalysts. The surface
acidity of these catalysts was examined using NHj
temperature-programmed desorption (TPD). The surface
concentration of Ni and Mo species in both calcined and
sulfided catalysts was determined by X-ray photoelec-
tron spectroscopy (XPS). The distribution and local struc-
tural environment of Ni and Mo species in the bulk were
studied by diffuse reflectance spectroscopy (DRS), high-
resolution transmission electron microscopy (HRTEM),
energy-dispersive spectroscopy (EDS), irradiated neutron
activation analysis (INAA) and inductively coupled plasma
emission spectroscopy (ICP-ES).

EXPERIMENTAL

Catalyst Preparation

The y-Al,O3z-zeolite support, provided by Catalysts &
Chemical Industry Ltd., Japan, was prepared by extruding
a mixture of ultrastable Y (USY) zeolite and y-Al,O3 pow-
der into pellets with a diameter of about 1 mm and calcin-
ing at 500°C for 1 h. The y-Al,0O3-zeolite support (desig-
nated as AZ) contains 60 wt% USY zeolite (SiOx/Al,O3 =
4.99, BET surface area= 756 m?/g) and 40 wt% y-Al,O5
(BET surface area=209 m?g, pore volume =0.81 ml/g).
Three series of Ni, Mo, and Ni-Mo catalysts supported on
y-Al,03-USY zeolite (designated as Ni/AZ, Mo/AZ, and
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Ni—-Mo/AZ, respectively) were prepared by wet impregna-
tion of the y-Al,O3-USY zeolite extrudes (20 g) with aque-
ous solutions of Ni(NO3),-6H,0, (NH4)sM070,4 - 4H,0,
and a mixture of both, respectively. The aqueous solutions
were prepared by dissolving reagents to the desired con-
centrations in distilled water (9 ml) with additional aqueous
ammonia (5 ml) at room temperature. In preparation of Ni-
Mo catalysts, the total loading of Ni and Mo in the solutions
was kept constant at 0.1236 mol per 100 g support (total
zeolite + alumina). The pH values of the solutions were not
measured in this work, but were probably about 8.0 based
on our previous work using a similar protocol (12). After
impregnation, the Ni/AZ, Mo/AZ, and Ni-Mo/AZ slurries
were dried at 200°C for 2 h in a rotary kiln and then cal-
cined at 550°C for 3 h in air. Thereafter, the catalysts were
sulfided at 400°C for 2 h under a stream of Hy—H,S (the
volume percentage of H,S in the mixture was 5.04%). In
addition, a Ni-Mo/y-Al,O3 catalyst was prepared follow-
ing procedures identical to those above. y-Al,O3; was the
same as that used in y-Al,03-USY support. The nominal
loadings of NiO and MoO; were 3and 12 g, respectively, per
100 g y-Al,O3 (total mole of NiO and MoO3; was 0.1236 per
100 g y-Al,O3, and that of NiO/Mo0Oj3; was 0.48).

Catalytic Activity

DBT was dissolved in decalin to prepare a feedstock so-
lution containing 1 wt%o sulfur for the HDS of DBT. The
HDS reaction of DBT and the HC reaction of diphenyl-
methane (DPM) were carried out using a batch microreac-
tor at 340 and 375°C, respectively. Sulfided catalyst (0.3 g)
and feedstock solution (10 ml) were loaded into the reac-
tor. The reactor was tightly closed and filled with H, whose
pressure in the reactor was set at 6.92 MPa. After 1 h reac-
tion in a high-temperature furnace, the reactor was opened
and the reactant solution was transferred into a vial for
gas chromatography (GC) analysis. Hence, some gas-phase
products were not detected and the selectivity was not cal-
culated. For all catalytic reactions, the conversion rates were
calculated based on the integrated areas of related target
molecules in the GCs of the feedstock and the solution after
reactions.

Catalyst Characterization

The bulk compositions of the catalysts were analyzed as
follows: Ni and Mo were determined by INAA, and Si, Al,
and Na were determined by ICP-ES. The distribution of Ni
and Mo between zeolite and y-Al,O3 was further examined
by HRTEM and EDS analysis, with a spot size of about
30 nm. For TEM experiments, the fine powder samples of
calcined Ni, Mo, and Ni—-Mo catalysts supported on USY
zeolite and y-Al,O3 were deposited on carbon-coated
TEM Cu grids. The specimens were studied using a JEOL
2010 high-resolution transmission electron microscope
operated at 100 kV. The point-to-point resolution of the
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microscope is 1.9 A, and time duration for collecting EDS
spectra was 100 s.

The NH3; TPD measurements were carried out using
a thermal analyzer DT-30 apparatus (Shimadzu, Japan).
About 0.3 g of catalyst was heated in a glass tube under a He
atmosphere at the rate of 30°C/min from room temperature
to 500°C and kept at 500°C for an additional hour. After
NH3 adsorption at 150°C for 1 h, the sample was flushed
with He for another hour and heated from 150 to 600°C at
the rate of 10°C/min under the He atmosphere while the
desorption of NH3 was monitored.

X-Ray photoelectron spectra of the calcined and sul-
fided catalysts were collected at a chamber pressure of
~10~° Torr (1 Torr=1.33 x 10~ MPa) using a Phi-5500
ESCA spectrometer (Perkin—-Elmer) and monochroma-
tized AlKa (hv =1486.7 eV) X rays. The X-ray photoelec-
tron spectra were calibrated based on a C 1s binding energy
of 284.6 eV. The Mo 3d and Ni 2p lines were decomposed
by fitting. The decomposition of the Mo 3d envelope was
based on several constraints to give physical significance to
the peaks obtained: (1) the spin—orbit splitting of the Mo 3d
peakis3.15eV; (2) the Mo 3ds;,/Mo 3d3j; arearatio was kept
constant at the theoretical value of 1.5; (3) the full widths
at half-maximum (FWHMSs) of the Mo 3ds;, and Mo 3d3,
peaks of the Mo®" and Mo®* oxidation states were kept
equal to those of the Mo** species (13). The atomic con-
centration ratio on the surface of catalysts was calculated
using na/ng = 1aSe/18SA, Where nj is the atomic number of
speciesi (i= A or B), l;is the integrated intensity of species
i, and S; is the sensitivity factor determined by XPS mea-
surement (12). The sensitivity factor depends mainly on the
photoionization cross section o but also on exciting X-ray
energy, takeoff angle, detector efficiency, and kinetic energy
of the measured peaks. The formula used to calculate the
atomic concentration was similar to the Kerkhof-Moulijn
model (14).

The diffuse reflectance spectra of calcined Ni, Mo, and
Ni—-Mo catalysts supported on USY zeolite and y-Al;O3
were measured using a Lambda-19 UV-Vis-NIR spec-
trometer (Perkin—Elmer) equipped with a lab sphere dif-
fuse reflectance integrating attachment. The spectra were
recorded over the range 200-2500 nm at room temperature
with a slit of 4 mm. A quartz window was used in the DRS
measurements, and its spectrum was subtracted from the
spectra of the catalysts.

RESULTS

Catalytic Activity

The chemical compositions of Ni/y-Al,Os-zeolite (Ni/
AZ), Moly-Al,Oz-zeolite (Mo/AZ), and Ni-Mo/y-Al,O3—
zeolite (Ni-Mo/AZ) catalysts are shown in Table 1.
The catalytic activities of sulfided Ni/AZ, Mo/AZ, and
Ni-Mo/AZ catalysts for the HC of DPM and the HDS
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TABLE 1

Chemical Composition (wt%) of Ni and Mo Catalysts Supported
on y-Al,03-USY Zeolite?

Sample SiO; Al,O3 Na,O NiO MoO3
Ni/y-Al,Os-zeolite
Ni/AZ-1 42.76 38.87 0.13 1.43 0.01
Ni/AZ-2 42.36 38.23 0.11 2.95 0.01
Ni/AZ-3 41.75 37.70 0.11 4.19 0.02
Ni/AZ-4 39.64 36.51 0.08 5.41 0.01
Ni/AZ-5° 39.63 35.75 0.09 6.86 0.02
Mol/y-Al,Os-zeolite
Mo/AZ-1 39.60 35.72 0.10 <0.01 2.78
Mo/AZ-2 39.68 35.66 0.09 <0.01 5.81
Mo/AZ-3 39.60 36.09 0.08 <0.01 7.94
Mo/AZ-4 36.29 33.32 0.11 <0.01 9.90
Mo/AZ-5° 35.87 32.34 0.09 <0.01 12.33
Ni-Mo/y-Al,Oz-zeolite
Ni-Mo/AZ-1 35.87 32.34 0.09 <0.01 12.33
Ni-Mo/AZ-2 37.17 34.01 0.06 1.40 9.66
Ni-Mo/AZ-3 37.21 33.59 0.08 1.91 8.57
Ni-Mo/AZ-4 37.66 33.92 0.08 2.62 7.65
Ni-Mo/AZ-5 37.74 33.93 0.09 3.31 6.45
Ni-Mo/AZ-6 38.00 34.17 0.09 3.92 5.27
Ni-Mo/AZ-7 38.17 34.35 0.10 5.04 2.64
Ni-Mo/AZ-8 39.63 35.75 0.09 6.86 0.02

2 The contents of SiO,, Al,O3, and Na,O were determined by ICP-ES,
and the contents of NiO and MoO3 by INAA.

b Samples Ni/AZ-5 and Ni-Mo/AZ-8 are the same; samples Mo/AZ-5
and Ni-Mo/AZ-1 are the same.

of DBT, as well as NiO content (mol%), MoQOj3; content
(mol%), and NiO/(NiO + MoO3) ratio, are summarized in
Table 2. For Ni/AZ, HC activity for DPM and HDS activ-
ity for DBT increased with NiO content to about 5 mol%,
and then decreased with further increase of NiO, but this
trend was less significant for the HC activity of DPM. For
Mo/AZ, HC activity for DPM increased with MoO3; con-
tent, and HDS activity for DBT increased up to about
5 mol% MoO3 and then decreased slightly with MoOj3 con-
tent. For Ni-Mo/AZ, HC activity for DPM generally de-
creased with increase in NiO/(NiO 4+ MoOs3) ratio; how-
ever, HDS activity of DBT reached a prominent maximum
at a NiO/(NiO + MoOg3) ratio of about 0.4. In comparison,
the HDS activity for DBT and HC activity for DPM over a
Ni-Mo/y-Al,O3 catalyst was included in Table 2. The HC
activity for DPM remained very similar for the three se-
ries of Ni/AZ, Mo/AZ, and Ni-Mo/AZ catalysts, but was
significantly higher than that of the Ni-Mo/y-Al,O3 cata-
lyst. HDS activity for DBT over Ni-Mo/AZ catalysts was
slightly improved compared with that for conventional Ni—
Mo/y-Al,Oj3 catalysts.

Surface Acidity

The NH3; TPD profiles of calcined and sulfided Ni/AZ,
Mo/AZ, and Ni-Mo/AZ catalysts were similar to that of
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TABLE 2

Metal Contents, Catalytic Activity, and Acidity of Ni, Mo, and Ni-Mo Sulfide Catalysts Supported on y-Al,03-USY Zeolite

Acidity (mmol/g)

Activity (%)
Metal Calcined Sulfided
content HDS HC
(mol%) (DBT) (DPM) Site | Site I Site | Site I

Ni catalysts NiO

Ni/AZ-1 1.75 65.9 21.7 0.52 0.31 0.50 0.32

Ni/AZ-2 3.52 80.5 314

Ni/AZ-3 5.00 83.7 329 0.61 0.35 0.66 0.37

Ni/AZ-4 6.64 81.5 31.6

Ni/AZ-52 8.33 72.9 30.8 0.41 0.37 0.48 0.32
Mo catalysts MoO3

Mo/AZ-1 1.87 53.6 25.8 0.36 0.28 0.40 0.34

Mo/AZ-2 3.84 59.9 29.1

Mo/AZ-3 5.15 59.6 31.8 0.61 0.42 0.44 0.41

Mo/AZ-4 6.87 57.4 35.0

Mo/AZ-52 8.55 55.1 46.2 0.74 0.53 0.46 0.34
Ni-Mo catalysts Ni/(Ni+ Mo)

Ni-Mo/AZ-1 <0.0016 55.1 46.2 0.74 0.53 0.46 0.34

Ni-Mo/AZ-2 0.2184 73.2 40.9

Ni-Mo/AZ-3 0.3005 934 38.4

Ni-Mo/AZ-4 0.3977 99.5 37.7 0.74 0.40 0.69 0.51

Ni-Mo/AZ-5 0.4974 87.2 39.9

Ni-Mo/AZ-6 0.5892 84.7 39.9

Ni-Mo/AZ-7 0.7864 81.1 35.8 0.66 0.33 0.78 0.45

Ni-Mo/AZ-8 0.9985 72.9 35.8 0.41 0.37 0.48 0.32
y-Al,03-USY 0.39 0.27
Ni-Mo/y-Al,O3 0.3253 87.5 5.4 0.24 0.14 0.28 0.17

2 Samples Ni/AZ-5 and Ni-Mo/AZ-8 are the same; and samples Mo/AZ-5 and Ni-Mo/AZ-1 are the same.

y-Al,O3-USY zeolite support and also similar to those of
alumina-supported Ni—-Mo catalysts (15). Two major acid
sites were observed. The dominant desorption peak (acid
site 1) occurred at about 250°C, which corresponds to a
Lewis-type acid site (16). An additional desorption peak
(acid site 1) occurred at about 400°C, which corresponds
to a Brgnsted-type acid site (16). The sulfidation did not
change the acidic structures dramatically. NH; TPD pro-
files were decomposed by fitting, and the integrated areas
of the two major acid sites represented their acid densities
(Table 2). For Ni/AZ, the acid densities of the two sites
of both calcined and sulfided catalysts increased with an
increase in NiO content up to about 5 mol%, and then
tended to decrease. For Mo/AZ, the content of MoOs3
tended to increase the acid densities of the two acid sites
for both calcined and sulfided catalysts. For calcined Ni—
Mo/AZ catalysts, the acid densities of the two acid sites
decreased slightly with increase in NiO/(NiO + MoOQO3)
ratio. After sulfidation, the acid densities of the two acid
sites tended to increase and then decrease slightly with in-
crease in NiO/(NiO 4+ MoOg) ratio. The densities of the acid
sitesin Ni, Mo, and Ni—-Mo catalysts supported on y-Al,O3—

USY zeolite were higher than those in the Ni-Mo/y-Al,O3
catalyst, as well as in the y-Al,O3-USY zeolite support.

Surface Concentration of Ni and Mo Species

X-Ray photoelectron spectra of calcined and sulfided
Ni/AZ, Mo/AZ, and Ni-Mo/AZ catalysts were similar to
those of Ni-Mo/y-Al,03-B,O3 in profile (12). The two
prominent peaks were assigned to the spin-splitting Mo®*
3ds;2 (BE = 232.6 eV, where BE isbinding energy) and Mo®*
3d3, (BE =235.8 eV) lines of Mo oxide species. The Mo 3d
X-ray photoelectron spectra of the sulfided catalysts were
decomposed into three sets of doublets, corresponding to
Mo®+, Mo®*+, and Mo** species in order of decreasing bind-
ing energy, and a broad peak at about 226.3 eV assigned to S
2s. The Mo®* species may be MoOj3 or another oxide phase
that is not completely sulfided, the Mo®* species may be a
Mo oxysulfide species, and the Mo** species are MoS, and
the Ni-Mo-S phase under the sulfidation conditions (1).
The two main peaks in the Ni 2p X-ray photoelectron spec-
tra of calcined samples were assigned to the spin-splitting
Ni 2p3, (BE=856.3 eV) and Ni 2p;, (BE=873.8 eV) and



Ni, Mo, AND Ni-Mo SULFIDE CATALYSTS ON y-Al,03;-USY ZEOLITE

the two broad peaks to the envelopes of the corresponding
satellite lines. The Ni2p XPS spectra of the sulfided catalysts
were more complex and were decomposed into two sets of
Gaussian components (one for the Ni oxide species, as
seen in the calcined catalysts, and the other for the Ni sul-
fide species). The Ni sulfide species were assumed to be
Ni3S, and the so-called Ni-Mo-S phase under the sulfida-
tion conditions (1), which were responsible for the active
catalysis.

The atomic concentrations of Ni and Mo species on the
surface of calcined and sulfided Ni/AZ, Mo/AZ, and Ni—
Mo/AZ catalysts were calculated following the procedure
of Li et al. (12). Figure 1 shows variations of Ni/Al and
Mo/Al atomic ratios on the surface of calcined and sulfided
Ni/AZ and Mo/AZ catalysts as functions of the contents of
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NiO and MoOgs; in the bulk. The Ni/Al ratio reached a max-
imum at an NiO content of about 5 mol% for both calcined
and sulfided Ni catalysts. The Ni/Al ratio on the surface
was dramatically higher than that in the bulk. For Mo/AZ,
the Mo/Al ratio increased with the bulk content of MoOs
for both calcined and sulfided Mo catalysts. Mo/Al ratios
on the surface and in the bulk of calcined Mo/AZ catalysts
were not significantly different, although the Mo/Al ratio
on the surface was slightly lower than that for the bulk at
the highest content of MoO:s.

Figure 2 shows variations of Ni/Al and Mo/Al atomic
ratios with the bulk NiO/(NiO 4+ MoOs) ratio for calcined
and sulfided Ni-Mo/AZ catalysts. The Ni/Al atomic ratio
reached a maximum at NiO/(NiO + MoO3) ratios of 0.5 and
0.6, respectively, for calcined and sulfided catalysts. The
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FIG. 1.

Ni/Al and Mo/Al atomic ratios on the surface as functions of the bulk content (mol%o) of NiO in Ni/y-Al,03-USY zeolite (A) and MoO3

in Mo/y-Al,03-USY zeolite (B), respectively. The surface atomic concentrations were calculated by XPS measurements.
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surface atomic concentrations were calculated by XPS measurements.

sulfidation significantly changed the distribution of Ni on
the surface: where the NiO content was low, the concentra-
tion of Ni species on the surface was increased relative to
the bulk or the calcined sample; but where the NiO content
was high, the NiO species on the surface were not fully sul-
fided. The Mo/Al atomic ratio showed a maximum at bulk
NiO/(NiO + MoO3) ratios of 0.5 and 0.4, respectively, for
calcined and sulfided catalysts.

The extent of sulfidation of Ni and Mo species was calcu-
lated based on the atomic concentration ratios of the cor-
responding sulfide species over the total oxide and sulfide
species. The extent of sulfidation of Mo species reached a
maximum at a MoOj3; content of about 5 mol% (Fig. 3A).
However, the sulfidation of Ni species essentially remained
unchanged, although there is a slight maximum at a NiO

Ni/Al (A) and Mo/Al (B) atomic ratios on the surface of Ni-Mo/y-Al,03-USY zeolite as a function of the NiO/(NiO + MoQj3) ratio. The

content of about 5 mol% (Fig. 3A). The extent of sulfi-
dation of both Ni and Mo species in Ni-Mo/AZ catalysts
showed a maximum at a NiO/(NiO + MoO3) ratio of about
0.2-0.5 (Fig. 3B).

Figure 4 shows the correlation between the Ni/(Ni + Mo)
atomic ratio on the surface (as determined by XPS) and
the NiO/(NiO + MoO3) ratio in the bulk (as determined
by INAA) for both calcined and sulfided Ni-Mo/AZ cata-
lysts. This correlation was essentially linear with a slope of
1 for the calcined catalysts, indicating that both Ni and Mo
species were distributed uniformly in the bulk and on the
surface of the calcined catalysts. However, this correlation
was nonlinear for sulfided catalysts, indicating that the sul-
fidation caused redistribution of Ni and/or Mo species and
enrichment of the Ni species on the surface.
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Distribution and Structure of Ni and Mo
Species in the Bulk

Figure 5 shows TEM images of a representative Ni-
Mo/AZ catalyst (Ni-Mo/AZ-4). Zeolite particles were sur-
rounded by y-Al,O3 that appears as more transparent ag-
gregates (Fig. 5A). The zeolite was crystalline, as indicated
by its selected area electron diffraction (SAED) pattern
(Fig. 5B). Both Ni and Mo were detected by EDS of the
zeolite particles (Fig. 5C). y-Al,O3 was also crystalline,
although the high-magnification image did not show any
fringes (Fig. 5D). However, the SAED pattern showed two

rings (Fig. 5E), indicating that y-Al,O3 was a very fine pow-
der, in good agreement with the powder XRD pattern of
y-Al,0O3 showing broad diffraction peaks (15). Both Ni and
Mo were associated with alumina particles, but the concen-
tration of Mo in alumina was dramatically higher than it
was in zeolite particles (Fig. 5F). No Ni and Mo aggregates
were observed in this catalyst sample. However, the high-
magnification TEM image of another Ni/AZ catalyst with
high content of NiO (Ni/AZ-5) shows several hanometer-
size particles in y-Al,O3 (Fig. 6A). The EDS spectrum in-
dicated that these particles were Ni oxides (Fig. 6B). Al
and Si were detected in the EDS spectrum, because the Ni
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XPS; the contents of Ni and Mo in the bulk were determined by INAA (Table 1).

oxide particles were smaller than the spot size of the elec-
tron beam. One of these Ni oxide particles was examined
(inset to Fig. 6A), and the d space measured on the basis
of the fringes was about 2.0 A, in good agreement with the
do12 Space (2.088 A) of NiO (JCPDS 44-1159). Thus, the Ni
oxide particles were NiO.

To determine the distribution of Ni and Mo between ze-
olite and y-Al,O3, the chemical compositions (Si, Al, Ni,
and Mo) of Ni/AZ-5, Mo/AZ-5, and Ni-Mo/AZ-4 cata-
lysts were semiquantitatively determined by EDS analy-
sis using a spot size of ~30 nm. The contents (wt%) of
NiO and/or MoOgs for different spots analyzed were plot-
ted against weight percentage Al,O3 (Fig. 7). For the pure
Ni catalyst, the content of NiO remained essentially un-
changed over the range of weight percentage Al,O3, indi-
cating that the contents of NiO in zeolite and y-Al,O3 were
very similar and close to its bulk content (Table 1). For the
pure Mo catalysts, the content of MoO3 increased signif-
icantly with weight percentage Al,O3, indicating that Mo
may be preferentially associated with y-Al,Os. Similarly,
for the Ni-Mo catalyst, the weight percentage NiO was un-
related to the total weight percentage Al,Og3, but the weight

percentage MoOj increased with weight percentage Al,Os.
Thus, Niwas essentially uniformly distributed in all the cata-
lysts, and its content on a microscopic scale was close to its
bulk composition. However, Mo was clearly associated with
)/-AlgOg.

Figure 8 shows the diffuse reflectance spectra of cal-
cined Ni/AZ, Mo/AZ, and Ni-Mo/AZ catalysts. The dif-
fuse reflectance spectra of Ni catalysts were complex
(Fig. 8A): there were three broad absorption bands between
380 and 1300 nm, located at about 410, 722, and 1150 nm.
The three main absorption bands were assigned to the
three allowed transitions characteristic of six-coordinated
Ni?* (17-19). In addition, there were two other peaks at
about 250 and 295 nm, which may be due to Ni>*—O charge
transfer transitions. It is unclear why the intensity of the
peaks at 250 and 395 nm was so high for Ni/AZ-5 cata-
lyst (NiO =8.33 mol%). However, the visible diffuse re-
flectance spectrum of the Ni/AZ-5 catalyst was similar to
that of NiQ, indicating that NiO aggregates formed, as char-
acterized by the sharp peak at about 395 nm (20). Ni may
be incorporated into the surface vacancies of y-Al,O3 and
zeolite in the other two catalysts with lower content of NiO.
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FIG.5. TEM images of a Ni-Mo/y-Al,Os-zeolite (sample Ni-Mo/AZ-4) catalyst. (A) Low-magnification images showing both zeolite and
y-Al,03. (B) Selected area electron diffraction (SAED) pattern of zeolite. (C) Energy-dispersive X-ray (EDS) spectrum collected on zeolite particle.
(D) High-magnification image of y-Al,O3. (E) SAED pattern of y-Al,O3: (a) d=2.01 A, (b) d=1.42 A. (F) EDS spectrum collected on y-Al,O3
particle.
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FIG. 6. High-magnification TEM (A) image and EDS spectrum (B) of a Ni/y-Al,O3~USY zeolite catalyst (Ni/AZ-5) in which the NiO content is
8.33 mol%. Lattice fringes of one NiO particle well shown in the inset were measured.
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The diffuse reflectance spectra suggest the presence of Ni
in tetrahedral or trigonal coordination, but this was not
conclusive by comparison with spectra reported in the lit-
erature (21, 22).

Figure 8B shows the DRS spectra of calcined Mo
catalysts in the range 200-1300 nm, compared with the
DRS spectrum of MoOg. The broad peak between 200 and
500 nm (shown in the inset) was decomposed into three
Gaussian components by fitting (23) and assigned to Mo%*-
O charge transfer transitions. The peak at about 250 nm
was attributed to tetrahedrally coordinated Mo®*, and the
peaks at about 290 and 350 nm to octahedrally coordinated
Mo®* (24, 25). Thus, both four-coordinate (*!Mo®+) and six-
coordinated (®!Mo®*+) species were present in the calcined
Moly-Al,Os-zeolite catalysts. The ratio ®IMo®*+/lIMoS+
tended to decrease with increasing MoQOg3 content, but
a more quantitative determination of this ratio may be
difficult because the peak at about 250 nm may also have
a contribution from ©®IMo®*. In Fig. 8C, the absorption
edge peaks due to Ni**-O and Mo®"-O charge-transfer
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transitions overlapped. In this case the information DRS
provided on the structure of Ni and Mo was limited.

DISCUSSION

Interaction of Aqueous Ni and Mo Species
with the Surface of Supports

The pH values of aqueous Ni(NO3),;-6H,0,
(NH4)sM07024 - 4H,0, and their coaqueous solutions
were not measured in this work, but the pH value of the
coaqueous Ni—-Mo solutions was probably close to 8 based
on our previous work (12). At this pH value, y-Al,O3 has a
slightly negative-charged external surface, and USY zeolite
has a negatively charged external surface and internal
framework (26, 27). In addition, at this pH, Ni** should
be the dominant Ni species (27, 28) and Mooﬁ‘ should
be the dominant Mo species (26, 28, 29). Based on charge,
Ni should have a strong electrostatic attractive interaction
with the external surface of y-Al,O3 and USY zeolite
and with the internal framework of USY zeolite (i.e., it
would be cation exchanged). However, the electrostatic
interaction of MoOf{ with the external surface of y-Al,O3
and USY zeolite or the internal framework of USY zeolite
should be repulsive (i.e., it would not cation exchange into
USY zeolite). However, Mooi‘ may form inner sphere
complexes with the external surface of y-Al,O3 (29-31).
Hence, one would predict that, during the ion-exchange
stage, Ni** would be associated with both materials, but
Mooi‘ would be preferentially associated with the exter-
nal surface of y-Al,O3 which has a less negative surface
charge. During calcination, both Ni and Mo speices may
have been redistributed between y-Al,O3; and the USY
zeolite. Consequently, one would predict that following
calcination, Ni would be distributed in vacancies on the sur-
face of y-Al,O3 and USY zeolite or in the supercavity and
sodalite cage of USY zeolite, or would even form nickel ox-
ide aggregates at a higher NiO loading (e.g., >5 mol%). In
contrast, Mo would be dominantly distributed in vacancies
on the surface of y-Al,Og, but also in the surface vacancies
or internal pores of USY zeolite (due to redistribution
during calcination). Indeed, these redistributions of Mo
and Ni are broadly consistent with our observations.

Nature and Distribution of Metals versus
Catalytic Activity

Ni/AZ catalysts. InNi/AZ catalysts, the contents of NiO
in y-Al,O3 and zeolite were similar and close to the average
content of the bulk sample (Fig. 7A, Table 1). Thus, the
distribution of Ni between y-Al,O3 and zeolite was not sig-
nificantly different. However, XPS analysis indicated that
the Ni/Al atomic ratio on the surface reached a maximum at
a NiO content of about 5 mol%o, and decreased with further
increase in NiO content (Fig. 1A). These results suggested
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FIG. 8.

Diffuse reflectance spectra of Ni/y-Al,03;-USY zeolite (A), Mo/y-Al,03-USY zeolite (B), and Ni-Mo/y-Al,03-USY zeolite (C). The

chemical compositions of these catalysts are given in Table 1. (A) (a) Ni/AZ-1, (b) Ni/AZ-3, (¢) Ni/AZ-5. (B) (a) Mo/AZ-1, (b) Mo/AZ-3, (¢c) Mo/AZ-5.

(C) (a) Ni-Mo/AZ-6, (b) Ni-Mo/AZ-4, (c) Ni-Mo/AZ-2.

that the Ni species formed monolayers on the surface of
y-Al,Ozand USY zeolite particles or became incorporated
into the supercavity and sodalite cage of USY zeolite when
the NiO content was below 5 mol%. However, the extra
Ni may have formed Ni oxide aggregates with a further in-
crease in NiO, and the dispersion of Ni species was reduced,
in good agreement with the diffuse reflectance spectra and
TEM observations. The visible diffuse reflectance spec-
trum of a Ni/y-Al,O3-USY zeolite (Ni/AZ-5) containing

8.33 mol% NiO was very similar to that of NiO, but differ-
ent from the diffuse reflectance spectra of the other two Ni
catalysts (Fig. 8A). In addition, a high-magnification TEM
image also showed the presence of NiO in the Ni/AZ-5
catalyst (Fig. 6). Regardless of the interpretation chosen
for the distribution of Ni, it is clear that Ni was dominantly
six-coordinated. A very small amount of Ni may have been
in tetrahedral or trigonal coordination. The HDS activity of
Ni/AZ catalysts was related to the content, dispersion, and
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sulfidation of Ni species. The Ni species was well dispersed
and better sulfided at a NiO content of about 5 mol%
(Figs. 1A, 3A), but NiO aggregates formed and the disper-
sion of Ni species decreased with increasing content of NiO.
Thus, the HDS activity for DBT over Ni/y-Al,O3-USY
zeolite catalysts increased up to 5 mol% NiO and then
decreased with increasing NiO content.

Mo/AZ catalysts. In Mo/AZ catalysts, Mo was prefer-
entially associated with y-Al,O3 (Fig. 7B), forming either
monolayers or Mo oxide aggregates. The MoOj3 concentra-
tion on the surface was generally close to that in the bulk
samples, and deviated from the bulk composition slightly
at higher MoOj3 content (Fig. 1B, Table 1), indicating that
the dispersion of Mo species decreased. Thus, when the
MoQOj; content was below about 5 mol%, Mo species were
distributed as monolayers on the surface of y-Al,O3 par-
ticles mainly, but also on the surface of USY zeolite parti-
cles. With an increase in MoO3; content, Mo oxide aggre-
gates may have appeared, which resulted in a decrease in
its dispersion and extent of sulfidation (Fig. 3A). The dif-
fuse reflectance spectra show that Mo may be tetrahedrally
or octahedrally coordinated: when MoQOj3; content was low,
Mo was mainly tetrahedrally coordinated, but the propor-
tion of octahedrally coordinated Mo species increased with
MoOj content (25). The HDS of DBT over Mo/AZ cata-
lysts was also high, and showed a marginal maximum at a
MoO; content of about 5 mol%, which is attributed mainly
to the higher dispersion and sulfidation extent of Mo species
at this MoOj; content.

Ni-Mo/AZ catalysts. In Ni-Mo/AZ catalysts, the con-
tent of NiO in the y-Al,O3 and zeolite phases is very close
to the bulk composition (Fig. 7C). However, Mo tended
to be associated with y-Al,Og3. The surface concentrations
of both Ni and Mo in the calcined Ni-Mo/AZ catalysts
reached a maximum at a NiO/(NiO + MoOs) ratio of 0.5
(Fig. 2), indicating that the surface species of Ni and Mo
formed monolayers and were well dispersed when this ratio
was <0.5. However, at a higher NiO/(NiO + MoO3) ratio,
the Ni/Al ratio as detected by XPS was very high, indicating
that bulk Ni oxide phases appeared, in agreement with the
DRS and TEM observations. The surface concentrations of
Ni and Mo species in the sulfided Ni-Mo/AZ catalysts also
showed a maximum at NiO/(NiO + MoQ3) ratios of 0.6 and
0.4 (Fig. 2), respectively, generally in agreement with their
surface concentrations in the calcined catalysts. The sulfi-
dation extent of both Ni and Mo species showed a broad
maximum at a NiO/(NiO + MoOs) ratio of about 0.2-0.5
(Fig. 3B), which was correlated with the high surface
concentrations and good dispersion of both Ni and Mo
species. Thus, with an increase in the NiO/(NiO + MoQO3)
ratio to about 0.4, the surface concentrations of both Ni
and Mo reached a maximum in the calcined catalysts,
and the surface species was well dispersed and more eas-
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ily sulfided to form a very dispersed so-called Ni-Mo-S
phase under the sulfidation conditions (1); as a result, the
HDS activity of DBT over Ni-Mo/AZ catalysts reached
a prominent maximum at a NiO/(NiO + MoOQO3) ratio
of 0.4.

Effects of USY Zeolite on HC and HDS Activity

Because the mixed support contained 60 wt% USY zeo-
lite and 40 wt% y -Al,O3, addition of the USY zeolite signif-
icantly improved the total acidity of the support and intro-
duced a strong Brgnsted acid site, compared with y-Al,Os.
As shown in Table 1, the HC activity of DPM generally in-
creased with an increase in total acidity of the catalysts, buta
guantitative correlation was difficult to establish. Thus, the
HC activity of DPM over three series of Ni, Mo, and Ni-
Mo catalysts supported on y-Al,O3-USY zeolite was im-
proved significantly compared with that of Ni-Mo/y -Al,O3
catalyst, due to increasing acidity introduced by addition of
USY zeolite.

The previous work indicated that the Ni/y -Al,O3 catalyst
has very low HDS activity; however, Mo/y-Al,O3 catalyst
has moderate HDS activity although it is far lower than that
for Ni-Mo/y-Al,O3 (Nishijima, private communication).
Following addition of USY zeolite, Mo/y-Al,03-USY and
particularly Ni/y-Al,O3-USY catalysts had much higher
HDS activity than the corresponding alumina-based cata-
lysts. One possible explanation is that active metal phases
(e.g., MoS; or NizS; under the sulfidation conditions) and
Bransted acidity in USY zeolite synergistically enhanced
HDS actiivity. By comparing Ni-Mo/y-Al,03-USY and
Ni-Mo/y-Al,O3 catalysts (15) that had identical nominal
Ni and Mo loadings and that had been tested under identi-
cal reaction conditions, the HDS activity of DBT over the
former was higher by about 10-15% than that over the lat-
ter. HDS activity of DBT depends on both HC and hy-
drogenation (HYD) activity. The general reaction path for
HDS of DBT (e.g., over alumina-based catalysts) is as fol-
lows (1): DBT is decomposed to diphenyl by breaking the
S-C bond (HC path) and to cyclohexybenzene by breaking
benzene ring (HYD path). However, the reaction mech-
anisms for HDS of DBT over catalysts supported on y-
Al,03-USY may be different. Unfortunately, our data are
insufficient to address this mechanism due to limitations of
the batch reactor used in this work. However, addition of
USY zeolite into a conventional alumina-supported cata-
lyst generally enhances HC activity but reduces HY D activ-
ity (5). Also the so-called Ni-Mo-S phase has much higher
intrinsic HDS activity than MoS; or Ni3S; (1). Thus, the syn-
ergistic effect of USY zeolite in sulfided Ni-Mo/y-Al,O3—
USY catalysts is not assignificant as in sulfided Ni/y-Al,O3—
USY and Mo/y-Al,03-USY catalysts, and the HDS activ-
ity of DBT over Ni-Mo/y-Al,03-USY catalysts is also not
much higher than that for the corresponding alumina-based
catalyst.
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CONCLUSIONS

1. The y-Al,03-USY zeolite support had much higher
acidity than y-Al,O3; alone. Addition of Ni and/or Mo
to the support also improved the acidity. Consequently,
y-Al,03-USY zeolite-supported Ni and/or Mo catalysts
had much higher acidity and thus significantly higher HC
activity than alumina-supported catalysts. The HC activ-
ity of DPM was generally proportional to the total acidity
of the catalysts. However, there were two acid sites (one
Lewis and one Brgnsted) in the catalysts, and it was un-
clear which acid site contributed more to the HC activity
of DPM.

2. Ni was essentially uniformly distributed in the cata-
lysts, but Mo is preferentially associated with y-Al,Os.
Ni may occupy the surface vacancies and form monolay-
ers on the surface of y-Al,O3; and USY zeolite particles,
or it may be incorporated into the supercavity and sodalite
cage of the USY zeolite. Mo mainly occupied the surface va-
cancies and formed monolayers on the surface of y-Al,Os,
but it was only partially present on the surface of USY
zeolite. However, when the content of NiO or MoO3; was
higher than about 5 mol%, the excess of Ni or Mo may have
formed oxide aggregates on the surface of the support.

3. Both Niand Mo catalysts supported on y-Al,0O3-USY
zeolite showed high HDS activity, with a shallow maxi-
mum at about 5 mol% NiO and MoOs;. The activity was
related to surface concentration, dispersion, and sulfida-
tion extent, as well as acidity. Ni-Mo catalysts supported
on y-Al;03-USY zeolite had higher HDS activity than
y-Al,Os-supported Ni-Mo catalyst, and they showed a
prominent maximum at a NiO/(NiO + MoQOs3) ratio of
about 0.4, similar to the y-Al,O3-supported Ni-Mo cata-
lyst. At this ratio, the total acidity was high, and the surface
species of Ni and Mo were well dispersed and more easily
sulfided. The primary active metal site for HDS of DBT
over y-Al,O3-supported Ni-Mo catalysts was probably the
so-called Ni-Mo-S phase in y-Al,O3. However, it cannot
be excluded that a small amount of Ni and Mo may be re-
distributed into the supercavity of the USY zeolite during
calcination, and the sulfided Ni-Mo species may also have
partially contributed to the high HDS activity of DBT.
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