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Molybdenum sulfide cluster [M0384(H20)9]4+ and nickel-
molybdenum bimetallic sulfide cluster [MosNiS4CI(H20)e]* were
incorporated into zeolites NaY, HUSY, NaHgB, Na-mordenite
(NaMOR), and KL by aqueous ion exchange. EXAFS data revealed
that the structure of the molybdenum sulfide cluster remained vir-
tually intact after ion exchange. However, the incomplete cubane-
type structure of the cluster might be lost after thermal treatment
at 573 K. The structure of the cluster in Mo3Ss/NaY and MozS4/KL
seems to have changed to the MoS,-like structure through the hy-
drodesulfurization (HDS) reaction, although a considerably high
level of dispersion was kept. MosS, cluster catalysts loaded on
NaMOR and KL exhibited a higher level of activity for HDS of
benzothiophene than Mo3S, catalysts loaded on the other zeolites.
Benzene was formed through acid-catalyzed dealkylation of ethyl-
benzene, the primary HDS product. Alkylation of benzothiophene
with alkenes derived from the cracking of decane as the solvent
also occurred. The acidity seems to be produced through the ion
exchange and reduction of cationic clusters during activation. Over
HUSY- and NaH -supported catalysts benzene was the major HDS
product. Nickel incorporation into the MosS, zeolite catalysts re-
markably enhanced the HDS activity. Introduction of the Mo3NiS,
core into zeolite as a precursor resulted in catalysts with higher HDS
activity than that of MosS, core and N2+ independently; it is con-
ceivable that the intimate interaction between nickel and molybde-
num in the precursor is effective at producing active species.  ©199
Academic Press
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INTRODUCTION

Recently, the demand for deep hydrodesulfurization
(HDS) of light oil has increased and a number of at-
tempts have been made to prepare new catalysts for HDS.
The key problem in the deep desulfurization of light oil
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is the low reactivity of 4-methyldibenzothiophene and
4,6-dimethyldibenzothiophene since the methyl group(s)
in the 4 and/or 6 positions of dibenzothiophene hinders
the sulfur from approaching the active sites on catalysts
(1, 2). All the processes of HDS of petroleum feedstocks
have been performed on catalysts of the same type, based
on molybdenum (or tungsten) sulfide supported on high-
surface-area y-aluminas with cobalt or nickel added as a
promoter (3, 4). The acidic property of zeolites might be ca-
pable of activating the alkyl-substituted dibenzothiophenes
by isomerizing or eliminating the alkyl groups in the thio-
phenic rings (5, 6). Therefore, it is conceivable that zeolite-
supported molybdenum with nickel or cobalt as a promoter
will be a promising catalyst for potential application to the
deep HDS reactions.

Most of the molybdenum catalysts loaded on zeolites
are prepared by impregnating zeolites with an ammonium
heptamolybdate (AHM) solution (7-9). The impregna-
tion method results mostly in the loading of molybdenum
species on an external surface, since the anionic or neu-
tral complexes will not penetrate into the zeolite pores in
the presence of water (7). Furthermore, the crystallinity of
AHM/zeolite catalysts tends to decrease during calcination
(8, 9). To overcome these disadvantages, vapor-phase ad-
sorption of the Mo(CO)g complex has been employed for
the preparation of zeolite-supported molybdenum catalysts
(10, 11). Okamoto et al. have prepared highly dispersed
molybdenum sulfide catalysts from Mo(CO)s encaged in
zeolites and showed that the catalysts are more active for
HDS of thiophene than that obtained by impregnation of
zeolites with AHM solution (10). Although these meth-
ods can be used to load molybdenum into zeolite pores,
the following thermal treatment may lead to migration of
molybdenum and destruction of the zeolite structure (11).

Although ion exchange would be an ideal method for
loading active metal species onto zeolite supports with
high dispersion, few cationic forms are available as sim-
ple salts of molybdenum of high oxidation state. There-
fore, few studies have succeeded in introducing cationic
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molybdenum compounds into zeolites by ion exchange
(12-15). Dai and Lunsford reported the preparation of
molybdenum/HY by solid—solid ion exchange using MoCls
(12). Johns and Howe prepared molybdenum loaded
H-mordenite by vapor—-phase adsorption of MoOCI,; (13)
and molybdenum loaded NaY by aqueous ion exchange
with MoO,Cl; (14). Ward et al. prepared NaY containing
a uniform distribution of molybdenum by aqueous ion ex-
change using Mo,(ethylenediamine),Cl, as precursor (15).
In these studies zeolite Y (NaY, HY) was generally used as
the support. The influence of zeolite types on the property
of molybdenum/zeolite catalysts is an interesting subject.

A molybdenum (1V) sulfide cluster with incomplete
cubane-type structure [MosSs(H20)o]*" (1) (Fig. 1) has
been prepared and studied extensively (16-18). In cluster 1,
molybdenum has octahedral geometry and binds to one p3-
S, two u2-S, and three water ligands. Cluster 1 is cationic
and stable in water and air; we have found that cluster 1
can be loaded into zeolites by aqueous ion exchange with
its structure preserved (19). Using cluster 1 as a precursor
for the molybdenum catalyst has several advantages as fol-
lows. Molybdenum species can be loaded into zeolites with
high dispersion by ion exchange. The neutral ligand of clus-
ter 1 is water, which can be easily removed by mild heating
without high-temperature calcination resulting in migration
of molybdenum species to the external zeolite surface and
destruction of the zeolite crystal structure (11). Moreover,
presulfiding of the catalyst is not necessary; the conven-
tional molybdenum sulfide catalysts were usually prepared
by presulfiding molybdenum oxide catalysts (20).

Cluster 1 is easily converted to bimetallic sulfide clusters
with cubic MosMS, cores (M = Fe, Co, Ni, Cu, Pd, etc.)
(21-29), which are of considerable interest in connection
with potential application to a variety of catalytic reactions.
Mixed metal clusters with a MosPdS, core showed intrigu-
ing reactivities at the Pd site toward alkenes, CO, isoni-
triles, and alkynes (26-29). It is expected that the mixed
metal clusters could also be incorporated into zeolites by
ion exchange and promote unique catalytic reactions. In
particular, the nickel-molybdenum bimetallic sulfide clus-
ter ([Mo3NiS;CI(H20)0]*") (2) (22) (Fig. 1) is of great inter-
est as a precursor for Mo-Ni-based HDS catalysts because
of the existence of Mo-S-Ni linkage in cluster 2. Two rep-
resentative models have been proposed for the structure of
HDS active sites. One is the Co(Ni)-Mo-S model, in which
cobalt or nickel interacts with molybdenum species (30). In
the other model the cobalt or nickel site activates hydrogen
and the molybdenum site catalyzes the desulfurization (31).
Assuming the former model, we considered cluster 2 as
a suitable precursor for HDS catalysts. Although a large
number of research studies have examined the method of
catalyst preparation, to the best of our knowledge, there
has been no preceding report in which nickel-molybdenum
mixed sulfide was loaded successfully.
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We have already reported that the molybdenum and
nickel-molybdenum sulfide clusters loaded onto zeo-
lites (Mo3S4/zeolites, Mo3NiS4/zeolites) exhibit an inter-
esting catalytic performance. The Mo3Sas/zeolites and the
MosNiS4/zeolites catalyzed CO hydrogenation, producing
hydrocarbons, especially ethane and ethylene at high selec-
tivity of 60% (19, 32). KCl-added Mo3S4/zeolites produced
a significant amount of alcohols (33). The MosNiS4/NaY
catalyst showed much higher activity for HDS of benzoth-
iophene than the MosSs/NaY catalyst (34, 35). For both
reactions KL as a carrier was found to give catalysts with
superior activity. Here we report on the detailed study on
the influence of zeolite structure in the HDS of benzothio-
phene with the Mo3S4/zeolite catalysts and the effect of the
nickel addition method on the performance of the Mo-Ni-
based HDS catalysts.

EXPERIMENTAL PROCEDURES

Catalyst Preparation

The chloride salt of cluster 1 was synthesized by the
method reported by Shibaharaetal. (17) using (NHz).Mo0S,
(Kanto Chemical) as a starting material. Cluster 1 was
loaded on zeolites with 12-membered ring structure, NaY
(Nikka Seiko, SK-40; Si/Al = 2.3), HUSY (Tosoh, TSZ-
330HUA,; Si/Al = 3.1), KL (Tosoh, TSZ-500KOA,; Si/Al =
3.1), NaHp (Tosoh, Tg-111; Si/Al = 12.8, Na/Al = 0.36),
and NaMOR (Tosoh, TSZ-640NAA,; Si/Al = 9.6), by aque-
ous ion exchange to give MosS4/zeolite. The detailed pro-
cedure of catalyst preparation will be described elsewhere
(36). The catalysts were dried at 383 K overnight and not
calcined.

The chloride salt of cluster 2 was synthesized from clus-
ter 1 and NiCl; - 6H,0 (Koso Chemical), according to the
reported method (22). The cluster 2 obtained was simi-
larly loaded onto zeolites NaY, KL, and NaMOR to give
MozNiSa/zeolites. It should be noted that cluster 2 was han-
dled under N, because the Mog,NiSj}+ core is slowly air-
oxidized, according to (22):

2MosNiS;" 40y + 4H* — 2M0sSiT 4+ 2Ni%* 4 2H,0. [1]

As a control catalyst, Ni + Mo3S4/KL was prepared by
ion-exchanging Mo3S4/KL with an aqueous solution of
Ni(NO3), - 6H,0 (Koso Chemical) (Ni/Mo = 1/3). AHM/
NaY and AHM/KL were prepared by impregnating NaY
and KL with an aqueous solution of (NH4)sM0702,4 - 4H,0
(AHM) (Nacalai Tesque) followed by drying at 383 K
overnightand calcinationinairat 773 Kfor4h. AHM + Ni/
NaY and AHM + Ni/KL were prepared by ion-exchanging
NaY and KL with an aqueous solution of Ni(NO3), - 6H,0,
followed by impregnation of the ion-exchanged zeolites
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with an aqueous solution of AHM and calcination in air
at 773 K for 4 h.

Characterization

Molybdenum, sodium, and potassium concentrations in
the filtrate obtained after ion exchange were determined
on a Nippon Jarrell-Ash ICAP-575 ICP spectrophotome-
ter. Sulfur contents were determined by the LECO method.
Chlorine contents of the catalysts were determined by ion
chromatography. Thermogravimetry (TG) and differential
thermal analyses (DTA) were performed on a Shinku-
Riko TGD 7000 thermogravimeter in N, flow. The tem-
perature ramping rate was 5 K min~!. UV-visible spectra
were recorded on a Hitachi U-4000 spectrophotometer. The
Mo K-edge X-ray absorption spectra were collected on a
Rigaku R-EXAFS 2100S spectrometer (30 kV, 280 mA,
W filament, Cu target) using a Ge(400) crystal monochro-
mator at room temperature. The Ni K-edge X-ray absorp-
tion spectrum of cluster 2 and the Ni K-edge X-ray fluores-
cence spectra of the supported catalysts were also collected
(16 kV, 500 mA, LaBg filament, Mo target) using a Ge(440)
crystal monochromator at room temperature. The samples
were pressed into self-supported disks of 20 mm in diame-
ter and subjected to analysis. Because of the instability of
cluster 2 against air, cluster 2 and Mo3NiSs/KL were kept
under a N, atmosphere during the measurement. At least
five scans were done and averaged spectra were obtained.
The EXAFS data analysis was carried out by utilizing REX,
an EXAFS data analysis software program provided by
Rigaku. X-ray photoelectron spectroscopy (XPS) measure-
ments of the catalysts were performed using a VG scientific
ESCALAB 2201 spectrometer at 15 kV and 20 mA with
an Al anode. Binding energies were referenced to C 1s of
285.0 eV for MoS; and the nickel-molybdenum cluster and

141

to Al 2p of 75.0 eV for zeolite. The in situ XPS spectra of the
catalysts pretreated in H; flow at 573 K were also recorded.

HDS Reaction

The activity of the catalysts for the benzothiophene hy-
drodesulfurization reaction was measured in a flow-type
fixed-bed reactor. The reaction conditions were as follows:
temperature 573 K, total pressure 3.0 MPa, catalyst 0.2 g,
W/F = 378 or 37.8 g-cat- h/mol S (concentration of sulfur
in decane 0.5 or 5.0 wt% S), and flow rate of hydrogen
3.42 L/h. The catalysts were pretreated in He at 573 K for
0.5 h and then in Hz at 573 K for 0.5 h. Neither calcination
nor sulfiding treatment was conducted except for AHM-
supported zeolite catalysts; AHM-supported zeolites were
calcined at 773 K for 2 h and presulfided with a mixture of
5% H,S in H; at 673 K for 2 h before the reaction.

RESULTS AND DISCUSSION

lon Exchange of Zeolites with the Clusters

The chemical compositions of the prepared catalysts are
summarized in Table 1. Clusters 1 and 2 were loaded on
all the zeolites with a 12-membered ring accompanied by
elution of a corresponding counter cation (Na or K) to
the filtrate except for HUSY. The Cl/Mo ratio in the sam-
ples decreased from 1.33 in the original cluster 1 to 0-0.34,
depending on the samples, in the cluster-loaded zeolites.
These results show the zeolites were ion-exchanged with
these cluster cations. Although the pH of the solution dur-
ing ion exchange was relatively low (pH 3.1-4.7 as shown
in Table 1), the crystallinity of the ion-exchanged zeolites
was estimated by XRD to be higher than 70%.

The size of the incomplete Mo3S, cubane core of clus-
ter 1, shown in Fig. 1, was estimated to be 0.63 nm from

TABLE 1

Elemental Analyses of M03S; and MosNiS4/Zeolite Catalysts

Na (K) % occupied
Pore size Loaded Mo % loaded released Cl/Mo ion-exchange pH after
Catalyst (nm)? Si/Al ratio (wt%) Mo (%)° (mol/mol)® ratio sites ion exchange

Mo3S4/NaY 0.74™ 23 5.0 100 4.6 0.11 21 4.6
Mo03Ss/HUSY 0.74™ 3.1 2.3 92 — 0.34 8.7 4.2
Mo3Si/NAHS 0.76 x 0.64™ 12.8 25 100 3.6 0.21 29 3.3

0.55 x 0.55
Mo3S4/KL 0.71" 31 21 74 4.4 0.00 10 32
Mo3S4/NaMOR 0.65 x 0.70 9.6 2.0 78 45 0.15 18 3.1

0.26 x 0.57"
MosNiS/NaY 0.74™ 2.3 5.0 99 4.2 0.12 21 47
Mo3NiSy/KL 0.71" 31 1.8 72 36 0.21 48 34
MosNiS/NaMOR  0.65 x 0.70 9.6 1.6 63 3.2 0.37 12 3.1

0.26 x 0.57"

2 The number of asterisks indicates whether the channel system is one-, two-, or three-dimensional. Adapted from Ref. (37).

b Fraction of Mo loaded based on Mo added to the solution.
¢ Mol Na (K) released into the solution per mole of cluster loaded.
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FIG. 1.
bimetallic sulfide cluster [MozNiS;CI(H,0)q]** (2).

the crystallographic data reported by Akashi et al. (18) and
the ionic radius of S~ (0.184 nm) and Mo** (0.064 nm).
This cluster size is smaller than the pore opening (0.74 nm)
(37) of supercages of the FAU structure. Hence cluster 1
seems to be able to enter the NaY pore inside the crys-
tals. The S/Mo ratio of Mo3S4/NaY remained unchanged
after ion exchange. The released sodium ion in the filtrate
was 4.6 times (ideally 4 —0.11 x 3 = 3.7 times) as much as
the loaded cluster 1. This slight excess of released sodium
over the supported cluster may be due to the acidity of the
cluster salt. Brgnsted acid sites should be produced during
ion exchange (33). For Mo/HUSY, cluster 1 amounting to
2.5wt% (as molybdenum metal) of HUSY was added to the
suspension of HUSY; the filtrate remained brown-colored
and 92% of the molybdenum was loaded onto HUSY.

In the preparation of Mo3S4#/KL, M03Ss/NaMOR, and
Mo3S4/NaHg, the addition of 1 was stopped when the pH
of the suspension was lowered to about 3 in order to avoid
decomposition of the zeolite structure. Since the diameters
of the pore openings of these zeolites (Table 1) are slightly
larger than the size of cluster 1 (0.63 nm), cluster 1 seems to
be able to enter the pores of the zeolites. The molybdenum
loading of Mo3S,/NaH g was 2.5 wt%; all added cluster was
loaded despite the high Si/Al ratio of NaHg.

Mo3S4/KL and M03Ss/NaMOR incorporated only 2.1 and
2.0 wt% (74 and 78% of the added molybdenum clus-
ters) molybdenum. The difficulty in ion-exchanging KL and
NaMOR should not be due to deficiency of ion-exchange
sites; the loaded amount of cluster cation corresponds to
only 10 and 18% of the ion-exchange capacity of KL and
NaMOR, respectively. These sluggish ion exchanges would
be due to the 1-dimensional pore structure of KL and
NaMOR. It is conceivable that once cluster 1 is incorpo-
rated into a 1-dimensional channel of KL and MOR and
present at a site near the external surface, the sites deep
in the channel are hardly accessible to another cluster. The
location of the molybdenum cluster in zeolite particles will
be discussed elsewhere (36).
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Structure of incomplete cubane-type molybdenum sulfide cluster [Mo3S4(H20)e]** (1) and complete cubane-type nickel-molybdenum

Cluster 2was also introduced into NaY, KL, and NaMOR
by ion exchange. The ion-exchange behavior of the zeolites
with cluster 2 was similar to that with cluster 1. The CI/Mo
ratio of MosNiS4#/NaY and Mo3NiSs/KL was 0.12 and 0.21,
respectively, and less than the ClI/Mo ratio of the cubic core
of cluster 2 (0.33). Dimmock et al. reported that the coor-
dinating chlorine in cluster 2 was replaced with water in
a solution with low CI~ concentration (22). Thus the chlo-
rine ligand might be partly exchanged with water during
washing, resulting in formation of [Mo3NiS4(H,0)10]** as
expressed by

[Mo3NiS,Cl(H,0)o]** + H,O
— [M0o3NiS4(H,0)10]*" + CI~. [2]

EXAFS Analysis 1—Structure of Mo Sulfide Cluster
Loaded on Zeolites

We have carried out EXAFS analyses of cluster 1 and
zeolite-supported 1. Figure 2 shows the Mo K-edge EXAFS
spectra of cluster 1, Mo3S4/NaY, and Mo3S4/KL. The spec-
tra of Mo3Ss/NaY and Mo3S4/KL were similar in amplitude
and periodicity to the spectrum of cluster 1, suggesting that
the molybdenum speciesin Mo3;S4/NaY and MosS4/KL kept
the original incomplete cubane-type structure. The Fourier
transforms of EXAFS data and the curve-fitting results
are shown in Fig. 3 and Table 2, respectively. The struc-
tural parameters of [M03S4(H20)q](CH3CsH4SO3)4, the
p-toluenesulfonate salt of cluster 1, determined by single
crystal X-ray structural analysis (18) are also shown in
Table 2. The structural parameters of cluster 1 determined
by curve fitting were in good agreement with the crystal-
lographic data. Structural parameters of the Mo species in
Mo3S4/NaY and MosS4/KL showed virtually no change in
the Mo-0, Mo-S, and Mo—-Mo distances and a slight change
inthe coordination numbers of Mo—-O and Mo-S, indicating
that there was no significant structural difference between
cluster 1 and the molybdenum species in Mo03S4/NaY and
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FIG.2. Mo K-edge EXAFS spectrum of (a) the chloride salt of 1,
(b) Mo3S4/NaY, and (c) Mo3S4/KL.

Mo3sS4/KL. The reason for the slight decrease in the coordi-
nation number of Mo-Mo for Mo3S4+/KL could be the un-
satisfactory S/N ratio of the EXAFS spectrum in the range
of k = 10-14 A1, partly due to the relatively low molyb-
denum loading in Mo3S4#/KL. However, it can be concluded
from these EXAFS data that the structure of cluster 1 re-
mained virtually intact after ion exchange.

After treatment at 573 K in He flow, however, the color
of NaY changed from brown to black, suggesting a change
in the structure of the cluster. The curve-fitting results of
the EXAFS data revealed the decrease in the coordina-
tion numbers for all interactions compared to the original
MosSs/NaY. The decrease in the coordination number is not
due to the loss of sulfur atoms but to the disordering of each
interaction since elemental analysis showed no decrease in
sulfur amount after thermal treatment at 573 K. Although
the incomplete cubane-type structure of cluster 1 might be
lost after the thermal treatment at 573 K, no significant peak
corresponding to the Mo-Mo and Mo-S shell was observed
in the Fourier transforms of the EXAFS spectrum.

The Fourier transforms of the catalysts used for the HDS
reaction of benzothiophene (Figs. 3e and 3f) showed slight
increases in the Mo-S and Mo-Mo distances. The curve-
fitting results suggested that the Mo-S and Mo-Mo dis-
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tances were strikingly similar to those in MoS,, known as the
active molybdenum species in the conventional HDS cata-
lysts, while the coordination numbers were much smaller
than those for MoS; (39). Thus it seems that the struc-
ture of cluster 1 in Mo3S4/NaY and Mo3S4/KL changed to
the MoS,-like structure through the HDS reaction. The
structure of the molybdenum species on the used cata-
lysts were dependent on zeolite; Mo3S4/KL exhibited higher
coordination numbers in Mo-S and Mo-Mo interactions
than MosS4/NaY. The molybdenum species in the used
MosS4/NaY seems to remain highly dispersed, resulting
in lower coordination numbers in Mo-S and Mo-Mo dis-
tances. Clusters 1 localized on and near the external surface
of the KL particle would aggregate more easily to form
molybdenum sulfide particles (36).

UV-Visible Spectra—Structure of MoNi Sulfide Cluster

The UV-visible spectrum of MosNiS/KL (Fig. 4b)
showed a band at 240 nm, characteristic of cluster 2
(Fig. 4a), suggesting virtual retention of the structure of
cluster 2 during ion exchange. For Ni + Mo3S4/KL (Fig. 4c)
this band was hardly observed. Mo3NiS4/KL also showed
a shoulder band at 390 nm, characteristic of cluster 1, as
shown in Fig. 4d; cluster 2 might be partly decomposed to
the incomplete cubane-type cluster 1 after ion exchange
according to Eq. [1].

EXAFS Analysis 2—Structure of MoNi Sulfide Cluster
Loaded on Zeolite

The radial distance of Mo—Mo and Mo-Ni in [Mo3sNiS,
(H20)10]* is 0.274 and 0.264 nm, respectively (23). Since

TABLE 2

Curve-Fitting Results for [Mo3S4(H20)g] Cluster
and MosS4/Zeolites

Mo-S Mo-Mo Mo-O
Sample  Treatment N? R(nm)®> N? R (nm)® N? R (nm)°

Cluster 1° — 3.0 0.230 2.0 0.274 3.0 0.218
Cluster 1 — 29 0.230 2.0 0.274 33 0.218
MosSs/NaY — 35 0.232 2.0 0.276 3.9 0.217
Mo3S4/KL — 3.0 0.231 1.7 0.278 2.7 0.216
MosSs/NaY He 573K 1.2 0.238 0.6 0.276 1.3 0.214
Mo3Sy/NaY HDSused 2.3 0.239 059 0318 — —
Mo3Ss/KL  HDSused 3.6 0.241 2.1 0.315 — —
Mo/AlL,Os¢  Sulfurized 6.2 0.241 3.1 0.315 — —
MoS,® — 6.0 0.241 6.0 0316 — —

2 Coordination number.

b Radial distance from the absorber to be backscatter atom.

¢ Crystallographic data from Ref. (18). The radial distance between
Mo and S was determined by taking an average of one Mo—(us-S)
(0.2337 nm) and two Mo—(112-S) (0.2283 nm).

d Conventional sulfurized Mo/Al,Oj catalyst. Adopted from Ref. (38).

¢ Adopted from Ref. (38).
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FIG. 3. Fourier transforms of Mo K-edge EXAFS data of (a) the chloride salt of 1, (b) Mo3;Ss/NaY, (c) Mo3S4#/KL, (d) Mo3sSs/NaY after treated in
He flow at 573 K, () Mo3S4/NaY after HDS of benzothiophene, and (f) Mo3S4/KL after HDS of benzothiophene.

these radial distances are similar and scattering of nickel is
weak compared to that of molybdenum, it is quite difficult
to determine the structural parameters of Mo-Ni coordi-
nation from Mo K-edge EXAFS. Therefore, we measured

Ni K-edge EXAFS to obtain the structural parameters
around the nickel atom in Mo3NiS4/zeolites. Figure 5 shows
the Fourier transforms of EXAFS data of cluster 2 and
MosNiSy/KL after ion exchange (not thermally treated).
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FIG. 4. UV-visible spectra of (a) physical mixture of NaY and the
chloride salt of 2, (b) Mo3NiS4/KL, (c) Ni+ Mo3S4/KL, and (d) Mo3S4/KL.

The curve-fitting results are shown in Table 3. Because the
distances of Ni-S and Ni-Cl are very close, it is impossi-
ble to distinguish these interactions; the Ni-Cl and Ni-S
shells were combined in the analysis. The Ni-Mo distance
of MosNiS4/KL was virtually the same as that of cluster 2,
suggesting the retention of the cubane-type structure of
cluster 2 in Mo3NiS4#/KL. The Ni-Mo coordination num-
ber was decreased during ion exchange. The reason for this
decrease must be partial destruction of cluster 2 accord-
ing to Eq. [1] as revealed by the UV-visible spectrum of
MO3NIS4/KL (Flg 4)

In contrast, the peak corresponding to the Ni-Mo
shell was not observed in the Fourier transforms of
Ni + Mo3S4/KL. Nickel in Ni+ Mo3S4/KL seems to be
present as Ni(HzO)éJr in the ion-exchange site without sig-
nificant interaction with molybdenum.

The Fourier transforms of Mo K-edge EXAFS of clus-
ter 2 and MosNiS4/KL are shown in Fig. 6. As mentioned
above, it is quite difficult to determine the structural pa-
rameters of the Mo—Ni shell from the Mo K-edge EXAFS.
Therefore, we analyzed the Mo K-edge EXAFS data by
applying the distance and coordination number of the Ni-
Mo shell obtained from Ni K-edge EXAFS analyses to the
Mo K-edge EXAFS analysis of cluster 2 and Mo3sNiS,#/KL
as fixed parameters. Thus obtained curve-fitting results are
shown in Table 4. The structural parameters of cluster 2 de-
termined by curve fitting are in good agreement with the
crystallographic data. Structural parameters of Mo3sNiS4/
KL showed virtually no change in the Mo-S and Mo-Mo
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distances and the coordination numbers. The decrease in
coordination number of Mo-Ni during the ion exchange
must be due to partial destruction of cluster 2 as described
above. It can be concluded that the structure of cluster 2 was
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FIG.5. Fourier transforms of Ni K-edge EXAFS data of (a) the chlo-
ride salt of 2, (b) Mo3NiS4/KL, and (c) Ni+ Mo3S4/KL.
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TABLE 3

Curve-Fitting Results of Ni K-Edge EXAFS Data for Cluster 2 and KL Supported Catalysts

Ni-S Ni-Mo Ni-ClI Ni-O
Sample N R (nm) NE R® (nm) N R (nm) N2 R® (nm)
[MO03NiSs(H20) 1] ¢ 3.0 0.220 3.0 0.264 — 10 0.196
[MosNiSs(Hnta)(nta),CI]*- ¢ 3.0 0.222 2.0 0.267 1.0 0.224 —
Ni-S (CI) Ni-Mo Ni-O
N2 R® (nm) N2 R® (nm) N2 R® (nm)
Cluster 2 2.9 0.222 3.0 0.267 — —
Mo3NiSs/KL 25 0.217 1.9 0.269 — —
Ni + Mo3S,s/KL — — — — 5.4 0.204

FT magnitude

FT magnitude

@ Coordination number.

b Radial distance from the absorber to the backscatter atom.

¢ Crystallographic data from Ref. (24).

d Crystallographic data from Ref. (24). nta, Nitrilotriacetate anion, N(CH,COO)*~.
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Fourier transforms of Mo K-edge EXAFS data of (a) the chlo-
ride salt of 2 and (b) Mo3NiS4/KL.

mostly retained but partly decomposed to the incomplete-
cubane-type cluster 1 after ion exchange.

XPS Analyses

To study the electronic character of the molybdenum-
loaded zeolites, X-ray photoelectron spectra were taken
of MosNiSs#/NaY, MosNiS4/KL, Ni+ MosS4+/KL, and
AHM + Ni/KL (presulfided). The binding energies are
listed in Table 5. The Mo 3d binding energies for cluster 2
hardly changed by loading on NaY and KL through ion
exchange. The type of zeolite did not significantly affect
the Mo 3d binding energies. In contrast, the Ni 2p binding
energy of cluster 2 decreased slightly by loading on NaY
and KL through ion exchange. This decrease in the binding
energy may be caused by the substitution of water for the
chlorine coordinating to Ni, as described above.

The lowering of Mo 3d and Ni 2p binding energies upon
in situ treatment with H, at 573 K for 2 h indicates that
the molybdenum and nickel of the catalysts have been re-
duced. After HDS reaction, the Mo 3d binding energies of
MosNiS4/KL increased to those of MoS,. This result agrees
with the supposition that cluster 1 in Mo3S4/KL was sulfided
toaMoS,-like structure after the HDS reaction as described
above. After H; treatment, no significant difference in the
Mo 3d and Ni 2p binding energies was observed between
MosNiS+/KL and Ni+ Mo3;Ss/KL. The decrease in Mo 3d
binding energies for AHM + Ni/KL after H, reduction was
smaller than that for the cluster loaded catalysts. This might
be due to low reducibility of the molybdenum species with
a large particle size on the AHM-derived catalyst.

There was virtually no difference in the Mo 3d bind-
ing energies among Mo3NiS4/KL, Ni + Mo3S4/KL, and Ni +
AHM/KL after the HDS reaction; the electronic character
of molybdenum and nickel in the three catalysts after the



HDS CATALYSTS PREPARED FROM SULFIDE CLUSTERS

147

TABLE 4
Curve-Fitting Results of Mo K-Edge EXAFS Data for [Mo3NiS4CI(H20)g] Cluster and Mo3NiS4/KL

Mo-S Mo-Mo Mo-Ni Mo-O
Sample N2 R® (nm) N2 R® (nm) N R® (nm) N2 R® (nm)
[M03NiSs(H20) 1] © 3.0 0.234 2.0 0.276 1.0 0.264 3.0 0.220
[MosNiSs(Hnta)(nta),CI]*-¢ 3.0 0.235 2.0 0.278 1.0 0.267 — —
Cluster 2 3.0 0.230 1.6 0.280 1.0 0.267¢ 3.7 0.221
MosNiS,/KL 2.8 0.230 2.0 0.280 0.65° 0.269° 1.2 0.210

@ Coordination number.

b Radial distance from the absorber to the backscatter atom.
¢ Crystallographic data from Ref. (24). The radial distance between Mo and S was determined by taking an average of

one Mo-S (0.2349 nm) and two Mo-S (0.2334 nm).

d Crystallographic data from Ref. (24). nta, Nitrilotriacetate anion, N(CH,COO)3~. The radial distance between Mo and
S was determined by taking an average of one Mo-S (0.2349 nm) and two Mo-S (0.2343 nm).
¢ Taken from the distance and coordination number of the Ni-Mo shell obtained from Ni K-edge EXAFS analyses

(Table 3).

HDS reaction was very similar. As will be discussed below,
however, there was a marked difference in the activity for
the HDS of benzothiophene among the three.

HDS Activity of Mo3S,/Zeolites—Influence of Zeolites

The catalysts were tested for the HDS of benzothio-
phene. Ethylbenzene was obtained as the main product.
Other HDS products consisted mainly of benzene, which
was produced from ethylbenzene by the acidic function
of the catalysts. Dihydrobenzothiophene and other sulfur-
containing products such as alkylbenzothiophenes were
also formed. The alkylbenzothiophenes are considered to

TABLE 5
XPS Data for Mo Cluster Catalysts (eV)

Catalyst Mo3d3/2 Mo3d5/2 Ni2p3/2
[M0384(H20)9]C|4 233.2 230.1
[Mo3NiS4CI(H20)9]Cly 233.0 229.9 854.4
MoS; 232.3 229.2
Fresh catalysts

Mo3NiSs/NaY 2329 229.8 854.0
MosNiS4/KL 232.9 229.9 854.0
Ni + Mo3S4/KL 233.1 230.0 854.0
AHM + Ni/KL (sulfurized)? 232.5 228.9 854.0
H; treated at 573 K
Mo3NiSs/NaY 2312 228.0 852.8
MosNiS4/KL 231.3 228.1 853.1
Ni + Mo3S4/KL 231.4 228.2 853.1
AHM + Ni/KL 232.0 228.6 852.7
HDS used
Mo3NiS4/KL 2323 229.1 854.0
Ni + Mo3zSs/KL 232.3 229.1 854.0
AHM + Ni/KL 232.2 229.0 853.8

a Presulfurized in 5% H,S/H; flow for 2 h at 573 K.

have been produced from unreacted benzothiophene and
alkenes that were generated from decane cracking. In all
experiments, the benzothiophene conversion and prod-
uct distribution were practically unchanged after 2 h on
stream. Table 6 presents the stabilized activity and selec-
tivity for the HDS of benzothiophene over Mo3S4/zeolite
catalysts obtained after 4 h on stream. All Mo3zS4/zeolite
catalysts showed higher conversion of benzothiophene
than AHM/NaY and AHM/KL catalysts used after pre-
sulfiding. Not only Mo3S,/HUSY and MosSs/NaHg but
also MosS4/NaY, MosS4#/KL, and Mo3S,/NaMOR promoted
acid-catalyzed reactions to produce benzene and alkylben-
zothiophenes. These compounds were not formed in the
reaction over AHM/NaY and AHM/KL. Acid sites strong
enough to catalyze cracking and alkylation seem to be
formed through two pathways: (i) exchange of the counter
cations of zeolites such as Nat and K* with protons during
ion exchange because of acidity of the cluster and (ii) reduc-
tion of the cluster accompanied by formation of Brgnsted
acid sites according to the equation

Mo3S;" —4Z~ 4+ x/2 H,

— MosSy ¥t — (4 —x)Z" +xHt —xZ~,  [3]
where Z~ is the ion-exchange site of zeolite. XPS analy-
sis revealed that the MosS, cluster was reduced with hy-
drogen treatment during pretreatment at 573 K as men-
tioned above. These acid sites could be formed on the
molybdenum/zeolite catalysts prepared by impregnation
with AHM, since some ion exchange of the Na* ions of
zeolites with the NH, ions of the AHM may occur. In the
spectrum of temperature-programmed desorption of am-
monia adsorbed on Mo3S4/KL activated in helium flow,
two well-resolved desorption peaks were observed, a low-
temperature peak at about 170°C and a high-temperature
peak at ~320°C, the latter indicating that strong acid
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TABLE 6

Effect of Zeolites on Hydrodesulfurization of Benzothiophene over Molybdenum Sulfide Cluster
Encapsulated into Zeolites

. . Selectivity (%)
Mo loading  Conv.  Yield of HDS
Catalyst (Wt%) (%) products (%) EB?  Other HDS products® DHBT®  Others®

Mo3Ss/NaY 5.0 53 8.8 8.3 8.3 76 7.4
Mo3S4/HUSY 2.3 39 9.8 6.1 19 66 8.7
Mo3Ss/NaHg 2.5 37 14 14 24 33 29

Mo3S4/KL 2.1 75 33 38 5.6 52 3.8
Mo3Ss/NaMOR 2.0 62 31 48 2.6 48 0.8
AHM/NaY*® 5.0 24 10 48 0.0 52 0.0
AHM/KL® 2.1 14 7.9 57 0.0 43 0.0

Note. Reaction conditions: 573 K, 3.0 MPa, W/F =382 g-cat - h/mol S, sulfur content 0.5 wt% in decane.

a2 Ethylbenzene.

b Other desulfurized compounds, e.g., benzene and toluene.

¢ Dihydrobenzothiophene.

d Other sulfur-containing compounds, e.g., alkylbenzothiophenes.

€ Presulfurized in 5% H,S/H, flow for 2 h at 573 K.

sites are produced in KL zeolite (33). In contrast, a high-
temperature peak was not observed for AHM/KL. Hence
ethylbenzene was the sole HDS product on the AHM/
NaY and AHM/KL catalysts; benzene and alkylbenzoth-
iophenes were not obtained.

Catalysts supported on proton-type zeolites, HUSY and
NaHg, showed higher selectivity for benzene and alkyl-
benzothiophenes. Mo3S4s/NaH 8 produced alkylbenzothio-
phenes and desulfurized compounds other than ethyl-
benzene at high selectivity of 24 and 29%, respectively;
Mo3S4/NaHg remarkably promoted acidic reactions such
as cracking, alkylation, and dealkylation.

It is particularly noteworthy that Mo3S4/KL and Mo3S4/
NaMOR exhibited superior HDS activity to other
Mo3S4/zeolites despite low molybdenum loadings. This re-
sult is contrary to what would be expected; the diffusion of
reactants and products should be difficult for the zeolites
with a 1-dimensional pore structure. The reason for this

high level of activity might be due to the site of the active
molybdenum species. In Mo3S4/KL and Mo3S4/NaMOR
the molybdenum species must be present on the exter-
nal surface and/or the site near the external surface of
1-dimensional pore structure as will be reported elsewhere
(36). We have found that the zeolite-supported catalysts
prepared from the clusters are active for the hydrodesul-
furization of 4,6-dimethyldibenzothiophene because of the
acidity promoting methyl migration (40). However, it is im-
portant to note that the acidity also could lead to cracking,
which might make these catalysts unsuitable for the hy-
drodesulfurization of gas oils.

HDS Activity of Mo3sNiSs/Zeolite—Influence
of Nickel Addition

Table 7 compares the HDS activity and selectivity of
the cluster 2/zeolite catalysts and Ni-Mo/zeolite catalysts

TABLE 7

Influence of Nickel and Molybdenum Source for the HDS Reaction

Selectivity (%)

Mo loading  Conv.  Yield of HDS
Catalyst (Wt%) (%) products (%0) EB®  Other HDS products® DHBT®  Others?
Mo3Ss/NaY 5.0 97 93 88 5.3 1.2 5.7
AHM + Ni/NaY® 5.0 59 45 72 34 23 12
Mo3NiSs/KL 1.8 94 93 97 14 1.3 0.2
AHM + Ni/KL® 2.1 43 39 88 1.1 11 0.0

Note. Reaction conditions: 573 K, 3.0 MPa, W/F =382 g-cat - h/mol S, sulfur content 0.5 wt% in decane.

@ Ethylbenzene.

b Other desulfurized compounds, e.g., benzene and toluene.

¢ Dihydrobenzothiophene.

d Other sulfur-containing compounds, e.g., alkylbenzothiophenes.
€ Presulfurized in 5% H,S/H, flow for 2 h at 573 K.
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TABLE 8

Influence of Nickel Addition Method onto Zeolite for the HDS Reaction

Selectivity (%)

Mo loading Yield of
Catalyst (Wt%) Conv. (%)  HDSproducts (%) EB?  Other HDS products® DHBT®  Others®
Mo3S4/KL 2.1 21 3.1 14 1.0 82 2.9
Ni + Mo3S4/KL 2.1 32 14 39 2.2 47 12
MosNiS4/KL 1.8 44 27 61 0.2 27 10

Note. Reaction conditions: 573 K, 3.0 MPa, W/F = 38.2 g-cat - h/mol S, sulfur content 5.0 wt% in decane.

@ Ethylbenzene.

b Other desulfurized compounds, e.g., benzene and toluene.

¢ Dihydrobenzothiophene.

d Other sulfur-containing compounds, e.g., alkylbenzothiophenes.

prepared from AHM and Ni(NOs),-6H,O. MosNiSy/
zeolites exhibited higher activity and selectivity than
AHM + Ni/zeolites regardless of the zeolite type. Clus-
ter 2 as a precursor is more suitable for preparing zeolite-
supported Ni-Mo bimetallic catalysts than the combined
use of AHM and Ni(NOs3),-6H,0. It is noteworthy that
the selectivity for dihydrobenzothiophene was relatively
high for the AHM + Ni/zeolite catalyst while on the cluster-
derived catalysts the products that were simply hydro-
genated without desulfurization were scarce. Table 7 indi-
cates that MosNiSs#/NaY and MosNiS4s/KL showed similar
activity; however, the latter showed much higher activity
for the HDS of benzothiophene under high-concentration
conditions (40).

The influence of the nickel addition method on the HDS
reaction is shown in Table 8. Here the benzothiophene
content in decane was increased 10 times to compare the
activity of the nickel-promoted catalysts at relatively low
conversions. The nickel-added catalyst Ni+ Mo3Ss/KL
proved more active than MosS4/KL. Moreover, the se-
lectivity for ethylbenzene remarkably increased at the
expense of simply hydrogenated products; nickel added
by ion exchange with Ni’* acted as a good promoter for
MosS+/KL. However, MosNiS4/KL exhibited much higher
activity and selectivity for HDS than Ni+ Mo3S4/KL al-
though the electronic character of molybdenum and nickel
in Mo3NiS4/KL and Ni + Mo3S4/KL was similar as revealed
by XPS. The HDS activity and selectivity increased in the
order: MosS4/KL < Ni+ Mo3S4/KL < MozNiS4/KL; nickel
addition was most effective when the nickel-molybdenum
bimetallic sulfide cluster 2 was used. The retention of
Ni—-S-Mo linkage of the nickel-molybdenum cluster in
MosNiSy/KL was revealed by EXAFS. Although the
cubane-type structure of the nickel-molybdenum cluster
would have changed by thermal treatment in He and the
following HDS reaction, as described above, the initial
uniformity of nickel and molybdenum with the Mo-S-Ni
linkage could be kept and high dispersion of molybdenum
species seems to result in producing HDS active sites very

effectively. In contrast, Ni 4+ Mo3S4/KL, in which no strong
interaction of Ni and Mo was observed by EXAFS, led to
less active catalyst upon pretreatment. The effectiveness
of employing the Mo-Ni mixed cluster suggests that
the cluster structure is reflected in the active species for
HDS.

CONCLUSIONS

The molybdenum sulfide cluster and the nickel-
molybdenum sulfide cluster have been successfully incor-
porated into zeolites with a 12-membered ring by aqueous
ion exchange. The structure of the molybdenum cluster
did not change during ion exchange. The complete cubane-
type structure of the nickel-molybdenum cluster mostly
remained after ion exchange but partly decomposed to
Ni* and the molybdenum cluster by adventitious oxygen.
All cluster-derived catalysts showed a higher conversion
of benzothiophene than AHM-derived catalysts used
after presulfiding. Mo3S4+/KL and Mo3Ss/NaMOR showed
higher levels of activity for HDS of benzothiophene than
other Mo3S4/zeolites. Regardless of the method of addition
of nickel, the nickel-added catalysts were more active in
the HDS reaction than the catalysts solely based on molyb-
denum; in particular, the selectivity for ethylbenzene re-
markably increased at the expense of simply hydrogenated
products. The catalysts prepared by ion-exchanging
zeolites with nickel-molybdenum bimetallic sulfide cluster
exhibited higher activity than the catalysts prepared by ion-
exchanging Mo3S4-containing zeolite with nickel nitrate
solution. This higher HDS activity could be due to the re-
tention of Mo-S-Ni linkage originating from the Mo3sNiS,
core.
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