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NaY-supported molybdenum sulfide catalysts with increasing
Mo loading have been prepared by impregnation with ammonium
heptamolybdate and characterized by means of thiophene hy-
drodesulfurization (HDS), overall sulfur analysis, temperature pro-
grammed sulfidation, N, adsorption, Xe adsorption, 129%e-NMR,
and high resolution electron microscopy. After impregnation nearly
all Mo is located on the exterior of the zeolite particles. During cal-
cination in air part of the Mo is redistributed, resulting in a higher
amount of Mo being located in the zeolite supercages. For the sul-
fided catalysts an amount of Mo comparable to that after calcination
is present in the supercages. At the highest Mo loadings the catalysts
are incompletely sulfided, due to the presence of large “bulk-like”
molybdenum oxide particles on the outside of the zeolite particles.
The amount of Mo present in the supercages, as well as the thio-
phene HDS activity of the sulfided catalysts, increases with increas-
ing Mo loading. The small Mo sulfide particles in the supercages
contribute strongly to the thiophene HDS activity.  © 1996 Academic

Press, Inc.

INTRODUCTION

Incorporation of transition metal sulfides into acidic ze-
olites leads to bifunctional catalysts combining hydrogena-
tion and cracking properties. The catalytic properties of
such bifunctional catalysts are strongly influenced by the lo-
cation (inside or outside the zeolite pores) and dispersion
of the metal sulfide phase. In commercial hydrocracking
catalysts, Ni-Mo or Ni-W phases are usually present as the
hydrogenating component (1). In order to understand the
catalytic properties of these bimetallic catalysts a thorough
characterization and understanding of their monometallic
counterparts is first needed. Therefore, in recent years fun-
damental research directed to the application of zeolite ma-
terials as supports for molybdenum compounds (2-19) has
increased. However, only a few of these studies deal with
the characterization of molybdenum-loaded zeolites in the
sulfided state (14-19).
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Lopez Agudo et al. (12) studied catalysts prepared via
impregnation with ammonium heptamolybdate (AHM)
and found that the Y zeolite was losing its crystallinity
and thiophene hydrodesulfurization (HDS) activity with
increasing calcination temperature. Impregnation with
AHM produces essentially an external surface loading of
molybdenum due to the failure of the anionic or neutral
complexes to penetrate the zeolite cavities in the presence
of water. However, thermal decomposition of these species
under constant low water vapor pressure produces a redis-
persion of the molybdenum due to solid state ion exchange
of MoO,(OH), within the zeolite pores (7, 12). Nickel and
molybdenum sulfides loaded into Y zeolites were charac-
terized with various techniques by Leglise et al. (14) and
Ezzamarty et al. (15). It was claimed that, in most cases, the
sulfidation of the transition metals is incomplete.

Up to now it is not clear what causes the incomplete for-
mation of MoS, on zeolite-supported Mo catalysts upon sul-
fidation (14, 15, 19). Possibly, a strong interaction between
the Mo species and the zeolite support exists (9, 12) which
hampers sulfidation, or hardly sulfidable bulk oxides are
formed on the outside of the zeolite crystals (19). Addition-
ally, little information is available about the distribution of
the molybdenum phase over the zeolite particles (through-
out the zeolite supercages or on the outside). For catalysts
prepared via impregnation with AHM, all Mo might at first
be located on the outside of the zeolite particles, but during
calcination possibly the molybdenum oxide phase is partly
redistributed throughout the supercages (7, 12). The lo-
cation of the Mo species after sulfidation is not yet clear.
From XPS measurements on sulfided calcined Mo/HY cata-
lysts it was concluded that the Mo sulfide phase is homo-
geneously distributed. On the other hand Anderson et al.
(19) observed (also by means of XPS) agglomeration of Mo
species at the surface of the zeolite.

Although in industrial hydrocracking catalysts stabilized
Y zeolites are most commonly used (1), in the present study
the parent NaY zeolite has been used as a support for the
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model catalysts. This has been done to avoid side effects on
the catalytic activity and molybdenum distribution caused
by the presence of extra-framework alumina or voids and
defects in the lattice of the stabilized Y zeolite which may
also hamper the structure analysis (i.e., via ?’Xe-NMR) of
the catalysts. Emphasis is put on the sulfidation behavior
of NaY-supported Mo catalysts prepared by impregnation
with AHM and the distribution of the molybdenum phase
over the zeolite particles is extensively studied. The sul-
fidation behavior is studied by temperature programmed
sulfidation (TPS) and overall sulfur analysis, while the dis-
tribution of the molybdenum phase is characterized by
N, adsorption, Xe adsorption, and '*’Xe-NMR and high
resolution electron microscopy (HREM), combined with
energy dispersive X-ray (EDX) analysis. The majority of
these techniques have not been used so far to study (sul-
fided) Mo/NaY. Atmospheric thiophene HDS is used as the
test reaction to compare catalytic activities.

EXPERIMENTAL

Catalyst Preparation

A series of catalysts containing different amounts of
molybdenum have been prepared by pore volume impreg-
nation of a NaY support (Nass(AlO3)s4(Si02)136 - 250H,0,
PQ CBV-100) with aqueous (NH4)sM07054-4H,0O solu-
tions of appropriate concentration. After impregnation the
samples are dried overnight at 383 K in air followed by pel-
letizing, grinding, and sieving to obtain a fraction of 0.125-
0.425 mm. A portion of the zeolite samples is subsequently
calcined (6 K min~! to 673 K, 2 h at 673 K). All samples
are stored in a desiccator over a saturated CaCl, solution.
The catalysts are designated Mo(x)/NaY with x represent-
ing the weight percentage Mo (calculated on the basis of
the water-free zeolite). XRD analysis showed no significant
breakdown of the zeolite structure after impregnation, dry-
ing, and calcination.

Catalytic Activity

Thiophene HDS activity is measured in a microflow re-
actor under standard conditions (673 K, 1 atm, 4.0% thio-
phene in Hy, 50 std cm® min™!). Calcined catalyst samples
of 0.25 g are sulfided in situ using a mixture of 10% H,S in
H, (60 std cm® min~!, 6 K min~! from 293 K to 673 K, 2 h
at 673 K). After sulfidation the H,S/H; flow is switched to
thiophene/H,. Reaction products are analyzed by on-line
G.C. analysis. The first sample is taken after 2-min reaction
time and the subsequent ones at intervals of 35 min.

Due to the presence of a few acid sites some polymeriza-
tion of unsaturated products and cracking of butenes and
polymerized products takes place, resulting in some coke
formation and a few additional products besides the usual
butenes and n-butane. Therefore, thiophene converted to
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any of the reaction products, including coke, is taken into
account for the calculation of the reaction rate constant
(kups), assuming first-order kinetics in thiophene (20).

TPS and Overall Sulfur Analysis

The total sulfur content is determined by dissolving a
sulfided sample in aqua regia while carefully heating the
mixture. During this process all molybdenum species are
dissolved and the molybdenum sulfide is completely con-
verted into sulphate. The amount of sulphate is determined
by titration with barium perchlorate, while the molybde-
num content of the solution is analyzed by AAS. Before
analysis the catalyst is sulfided using the same procedure
as for the HDS activity tests. The sulfided sample is flushed
with dry He at 673 K for 1 h to remove adsorbed H,S and
cooled under He. At room temperature the sample is ex-
posed to air and the analysis procedure is started.

The sulfidation process is studied in more detail by tem-
perature programmed sulfidation (TPS). A detailed de-
scription of this technique has been given elsewhere (21,
22). A sulfiding gas mixture of 3.3% H5,S, 28.1% Hj, and
68.6% Ar (40 std cm® min~!) is passed over a catalyst sam-
ple loaded in a quartz tube which is placed in an oven. The
H,S concentration in the reactor outlet is measured by a
UV detector (at 195 nm). After H,O and H,S are trapped
using molecular sieves and ZnO, respectively, the gas flow is
led through a thermal conductivity detector where changes
in the H;, concentration are monitored. The measurements
are carried out as follows. The reactor is flushed with argon
to remove air, followed by sulfidation at room tempera-
ture for 10 min. Then, the reactor temperature is raised at
6 K min~! up to 673 K, kept constant for 1 h, and further
increased at 10 K min~! up to 1273 K.

Xe Adsorption, °Xe-NMR, and N, Adsorption

To study the presence of molybdenum species inside the
zeolite pore system '2?Xe-NMR experiments are carried
out in combination with Xe adsorption measurements. The
principle (23, 24), experimental details (25, 26), and quan-
titative aspects (26) of this technique have been extensively
described elsewhere. Three series of samples are measured:
(I) the noncalcined samples carefully dried in He prior to
Xe adsorption and ?’Xe-NMR (1 K min~! to 453 K, 2 h at
453 K); (II) He dried and calcined samples; and (I1I) sul-
fided calcined samples (sulfidation: same as for the catalytic
activity measurements, followed by flushing with He for
1 h at 673 K and cooling under He). To avoid contact with
O, and H;O the samples are transferred into the NMR
tubes using a recirculation-type glove box (O, and H,O
content lower than 2 ppm). They are evacuated at room
temperature to a pressure below 10~* mbar and stored in a
volumetric adsorption apparatus. At 303 K Xe is adsorbed
at different pressures. The NMR spectra are recorded at
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the same temperature on a Bruker MSL 400 spectrome-
ter at 110.7 MHz with pulse excitation (0.5 s pulse delay)
on stationary samples. The number of scans varies between
2 x 10% and 10°.

For the calcined and sulfided samples also the BET sur-
face area and the micropore volume are determined by N,
adsorption at 77 K using a Carlo Erba Sorptomatic 1900.
After sulfidation (see '>’Xe-NMR experiments) they are
transferred into the sample holder without exposure to O,
or H;O.

High Resolution Electron Microscopy

To study the amount of molybdenum phase located at
the exterior of the zeolite particles HREM is performed
on oxidic and sulfided samples, using a Philips CM 30 ST
electron microscope. After grinding, the zeolite particles
are suspended in alcohol. A copper grid coated with a mi-
cro grid carbon polymer is loaded with a few droplets of
this suspension. The Mo distribution throughout the zeo-
lite particles can be studied (integrally or segment-wise) by
means of EDX analysis, in combination with HREM.

In order to investigate the Mo sulfide content inside the
zeolite cavities, ion milling is applied to make specimens
sufficiently thin, such that only the interior of a zeolite crys-
tal remains. For this method about 20 um thick pellets are
pressed and ion milled with 5 keV Ar ions (15° incidence
angle and a current of 1 mA) until a hole is formed. Next,
2 keV Ar ions with 10° incidence angle are applied for
30 min to reduce the thickness of the amorphous layer.
Since in this way a random cut is made out of the pellet,
one has to take into account the possibility that not a slice
of the interior of a crystal is obtained, but rather a slice
containing also part of the surface.

RESULTS

Catalytic Activity

As can be seen in Fig. 1, it is only up to 1 h run time that
the NaY support shows any HDS activity. The activities
of the sulfided Mo/NaY samples show much higher than
that of the NaY support. Except for Mo(10)/NaY, which
shows a weak deactivation, all catalysts have stable catalytic
activity, indicating that there is no substantial sintering of
the metal sulfide phase and/or coke formation during the
2 h test run. The products mainly consist of butenes. The
product selectivity for n-butane is always less than 10%
and slightly increases as the Mo content becomes higher.
Besides these C,4 products also some products of cracking
and polymerization are observed. In contrast to the NaY-
supported nickel sulfide catalysts (27), the amounts of these
products are small (the product selectivity for C4 products is
around 90% for all catalysts), indicating an almost complete
absence of acid sites. The HDS activity increases with Mo
loading, but the increase is not proportional.
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FIG.1. Thiophene HDS activity as a function of run time for a series

of Mo(x)/NaY catalysts differing in Mo loading: +, NaY; @, 3.5 wt% Mo;
A, 5.4 wt% Mo; [, 7.8 wt% Mo; O, 10.0 wt% Mo.

TPS and Overall Sulfur Analysis

The NaY support itself shows no measurable H,S or H;
consumption or production, except for a small H,S and H,
peak at about 1200 K, which coincides with the collapse
of the zeolite framework. Sulfidation of the calcined Mo
(5,4)/NaY sample starts already at the isothermal stage at
room temperature. Immediately after exposure to H,S/H»,
some H,S consumption occurs, accompanied by a color
change from white to brownish. After the start of the tem-
perature program some H,S desorption is observed, fol-
lowed by H,S consumption (320-485 K; see Fig. 2). No
H, consumption is found below 470 K. Around 525 K a
strong H, consumption occurs, while simultaneously HaS is
produced. The H, consumption continues at temperatures
above 550 K, but at the same time the H,S desorption be-
comes very low. After the isothermal stage at 673 K the
H,S and H; consumption is ca. 1.2 H,S/Mo and 0.9 H,/Mo,
respectively. Clearly, sulfidation has not been completed
at 673 K. This can also be concluded from the sulfidation
behavior above 673 K. At first, some additional H; is con-
sumed, accompanied by H,S desorption. Above 825 K this
is followed by a rather strong H,S consumption. At 1200 K
some Hj and H;S desorption takes place, caused by the col-
lapse of the zeolite framework. The total amounts of H, and
H,S consumed up to 1273 K are 1.1 Hy/Mo and 2.0 H,S/Mo,
indicating that sulfidation is completed.

For all sulfided (at 673 K) catalysts both the Mo and
the S content are analyzed. The results are given in Ta-
ble 1. From the S/Mo ratios it can be concluded that only
the catalyst containing 3.5 wt% Mo is fully sulfided. For the
other catalysts the degree of sulfidation decreases as the
Mo content increases.

Compared with the TPS experiment the overall sul-
fur analysis shows a higher degree of sulfidation for the
Mo(5.4)/NaY sample (60% sulfidation vs 90%). This may
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FIG.2. TPS patternof aMo(5.4)/NaY catalyst. A positive peak means
production; a negative peak is consumption.

be due to alonger isothermal sulfidation at 673 K (2hvs 1 h)
and/or a higher H,S partial pressure (10% Pa vs 3.3 x 10° Pa)
applied for overall sulfur analysis.

N; and Xe Adsorption and '*’Xe-NMR

Itis known that the shapes of the N, adsorption isotherms
for zeolites are not very informative and classical methods
for calculation of the monolayer capacity do not work. Thus,
the zeolite surface areas determined by the BET method
cannot be considered equal to the true values, even though
they may approach them. Also, the micropore volumes de-
rived from these N, adsorption measurements give no abso-
lute values for the pore volume of the zeolite, as the packing
of the N, molecules in the zeolite pores is probably poor.
However, the BET method can be used to compare zeolite
samples of the same origin (28). The BET surface areas and

TABLE 1

Degree of Sulfidation of Mo(x)/NaY as
Determined by Overall Sulfur Analysis

Catalyst S/Mo ratio
Mo(3.5)/NaY 22
Mo(5.4)/NaY 1.8
Mo(7.8)/NaY 1.7
Mo(10.4)/NaY 1.3
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TABLE 2

BET Surface Area and Micropore Volume of the Calcined and
Sulfided Mo(x)/NaY Catalysts

Calcined samples Sulfided samples

Surface area Micropore Surface area Micropore

Catalyst [m%g NaY] vol.[cm%g] [m%gNaY] vol. [cm?/g]
NaY 852 0.34 846 0.33
Mo(3.5)/NaY 813 0.30 775 0.29
Mo(5.4)/NaY 762 0.28 671 0.25
Mo(7.8)/NaY 724 0.27 624 0.24
Mo(10.4)/NaY 673 0.26 613 0.23

micropore volumes are listed in Table 2. For the calcined
and (slightly more pronounced) for the sulfided Mo(x)/NaY
samples the surface area and the micropore volume clearly
decrease monotonously with increasing Mo content.

Figures 3a, b, and ¢ show the Xe adsorption isotherms
for the noncalcined, calcined, and sulfided samples. The
amounts of adsorbed Xe exhibit a linear dependence on
the Xe pressure for almost all samples. Only for calcined
Mo(10)/NaY is the isotherm slightly curved. The noncal-
cined samples show a very small decrease of the adsorp-
tion capacity with increasing Mo loading, indicating that
only a very small fraction of the Mo has entered the zeolite
pores after impregnation. Upon calcination the decrease
of the adsorption capacity with increasing Mo loading is
much stronger. Apparently, the amount of Mo in the zeo-
lite supercages has increased after calcination. Except for
Mo(3.5)/NaY sulfidation results in a small additional de-
crease of the adsorption capacity.

As can be seen in Figs. 4a, b, and c, all samples show
a linear increase of the ??Xe NMR chemical shift with the
increasing amount of Xe adsorbed. The chemical shift of the
129X e NMR signal, extrapolated to zero xenon density (zero
Xe adsorbed), also increases with increasing metal loading.
For all metal loadings the highest extrapolated chemical
shift is found for the sulfided samples.

HREM

Both a calcined oxidic and a sulfided Mo(10.0)/NaY sam-
ple have been examined by HREM. In the oxidic sample
some zeolite particles with high amounts of Mo are present
(measured by EDX), while on others the concentration is
much lower. Occasionally, some needle-shaped molybde-
num oxide particles are observed on the outside of the
zeolite crystals. Some amorphous parts consist mainly of
Na, Mo, and O, indicating that Na,MoQO4 may have been
formed during impregnation. From EDX experiments a
relative amount of Mo located inside the zeolite cavities
can be estimated. For this estimation, EDX is carried out
on a sample area consisting of a fairly thick zeolite crys-
tal, showing clearly the zeolite lattice, but not showing any
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FIG. 3. Xe adsorption isotherms (mmol/g NaY) for different Mo(x)/NaY catalysts: (a) noncalcined samples; (b) calcined samples; (c) sulfided

samples. +, NaY; @, 3.5 wt% Mo; A, 5.4 wt% Mo; [, 7.8 wt% Mo; O, 10.0 wt% Mo.

sign of Mo-containing particles (small “Mo” particles not
detectable by HREM might still be present on the surface).
Because the surface/volume ratio is small for such an area,
the main contribution to the EDX spectrum will originate
from the zeolite interior. By comparison of the Mo/Si ratio
measured from measurements of several areas composed
of many well-structured zeolite and (HREM-detectable)
Mo-rich particles it was estimated that at most 25% of the
Mo is located inside the zeolite crystals.

From the above results it can be concluded that in the case
of oxidic (calcined) Mo(10.0)/NaY both the distribution of
Mo over the internal and external zeolite surface and over
the various zeolite particles is very inhomogeneous.

After sulfidation, again a very inhomogeneous distribu-
tion of the Mo species is found. Large parts of the outer
surface are covered with MoS; slabs, while other parts con-
tain only a few small MoS; slabs (Fig. 5a). Occasionally,
some very large amounts of MoS, are present on amor-
phous parts at the outer surface of some zeolite particles
(see Fig. 5b). No areas showing MoS,-free zeolite outer
surface are observed in the sulfided Mo(10.0)/NaY sam-
ples. Consequently, the Mo concentration inside these par-

ticles could not be estimated by EDX. The electron beam
always passes a surface region when it enters and leaves
the particles, and the Mo in these surface regions will also
contribute to the EDX spectrum. In order to determine the
Mo concentration inside these zeolite particles, they have
to be cut to remove the top and bottom parts in such way
that the electron beam only interacts with the interior part.
This is done by ion milling. By comparison of the overall
EDX spectrum of several zeolite particles with those taken
on both the edges and the centre of the zeolite slices pre-
pared by ion milling the relative amount of Mo located in
the zeolite pores could be estimated at approximately 20%.
From these experiments it can also be concluded that both
Mo and S are present inside the zeolite, indicating that the
Mo species present in the zeolite cavities are sulfided.

DISCUSSION

Catalytic Activity

The low thiophene conversion observed for the NaY
support can be explained by the presence of some acidic
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FIG. 4. The ®Xe chemical shift as a function of the adsorption (mmol/g NaY) for different Mo(x)/NaY catalysts: (a) noncalcined samples;
(b) calcined samples; (c) sulfided samples. +, NaY; @, 3.5 wt% Mo; A, 5.4 wt% Mo; [, 7.8 wt% Mo; O, 10.0 wt% Mo.

OH-sites formed by interaction between H,S and Na ions
(30) during sulfidation. Acidic zeolites have a considerable
thiophene HDS activity in the absence of a metal sulfide
phase (18, 29).

The formation of small amounts of cracking and polymer-
ization products in the case of sulfided Mo(x)/NaY cata-
lysts indicates that a few acid sites are also present on
these catalysts. It is plausible that these sites result from
some exchange of the Na* ions in NaY by NH] ions in the
(NH4)6M070,4 solution during impregnation. After drying
and decomposition of the AHM, Na,MoO, particles are
formed, both in the interior and on the exterior of the ze-
olite crystals. In the latter case their presence is found by
combined HREM-EDX analysis.

The increase in activity with increasing molybdenum con-
tent is probably caused by an enlargement of the Mo sul-
fide surface area. The activity (measured after 2 h run time)
levels off at higher metal loadings, which indicates that the
overall Mo sulfide dispersion decreases at higher Mo load-
ing. For carbon-supported Mo sulfide catalysts a similar be-
havior as a function of the Mo loading was observed (31).

Although they have a higher activity at short run times they
deactivate, whereas their Mo/NaY-supported counterparts
are remarkably stable and as a result both types of catalysts
show similar thiophene HDS activities after 2 h run time.
Compared with Mo(x)/AL,Oj3 catalysts (31) the Mo/NaY
catalysts clearly show higher HDS activities, both initially
and after 2 h reaction. This is in line with the results ob-
tained for zeolite Y supported Ni and Co sulfide catalysts
(32). Just like carbon, the NaY zeolite seems to function as
an inert support for metal sulfides.

Sulfidation Behavior

The sulfidation picture emerging from the TPS results
obtained for Mo(5.4)/NaY is approximately the same as
that described by others for Mo/Al,O3 (22, 23), Mo/carbon
(33, 34), and Mo/SiO; (33, 35, 36) catalysts: (i) Already at
room temperature some sulfidation is observed (some ir-
reversible H,S uptake and a color change from white to
brownish). (ii) At increasing temperatures the sulfidation
proceeds via O-S exchange on Mo®* (strong H,S and zero
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FIG.5.

HREM pictures of a sulfided Mo(10.0)/NaY catalyst: (a) shows an area containing relatively little MoS; on the external zeolite surface. The

amorphous area in the left upper corner is the carbon film of the supporting grid. The zeolite surface contains also some particles which are probably
not MoS,, some of which are amorphous. (b) shows large MoS; particles on the zeolite surface. Due to strong bending of these particles the dominant

002 fringes can only be seen in parts of the MoS; particles.

H, consumption). (iii) Finally, reduction of Mo®" via Mo-
S bond breaking takes place (strong H, consumption and
H,S production). However, typically for the Mo(5.4)NaY
sample, above 550 K some further reduction of Mo®* occurs
without concomitant H,S production (Mo-S bond break-
ing). In addition, unlike for Al,O3-, carbon-, and SiO,-
supported catalysts a relatively large part of the Mo species
on the NaY zeolite has not been sulfided (S/Mo=1.2)
at 673 K which is the maximum temperature in the sul-
fidation procedure applied prior to the activity tests. At
the same time, the H, consumption per Mo atom is 0.9,
which means that a considerably larger part of the Mo
(VI) has been reduced to Mo (IV) at this temperature.
Based on the findings by Arnoldy et al. (22) the above
TPS results can be ascribed to the presence of large bulk-
like MoOs particles which are more readily reduced than
sulfided.

Thisisin accordance with the HREM-EDX results show-
ing that in the oxidic state, the size of the molybdenum ox-
ide particles present on the external zeolite surface ranges
from small to very large. When the isothermal sulfidation

at 673 Kiis finished, the small Mo oxide particles are quan-
titatively converted into MoS,, whereas the large ones are
converted into MoO; (core part) and MoS; (outer part) and
they are only fully sulfided when higher temperatures are
reached, as can be seen in Fig. 2.

At present we have no explanation for the small H,S pro-
duction (about 0.1 mol H,S per mol Mo) accompanied by
an equimolar H; consumption observed in the TPS pattern
around 775 K. This phenomenon cannot be caused by the
reduction of elemental sulfur, MoS3, or oxy-sulfide species
since these species should have been reduced already at far
lower temperatures (around 525 K) (22). At 1200 K, after
the collapse of the zeolite framework, all Mo is converted
into MoS,.

The decreasing degree of sulfidation at increasing Mo
content shown in Table 1 confirms the TPS finding that the
incomplete sulfidation is linked with the presence of large
Mo oxide particles and not with the presence of very small
Mo oxide particles in the NaY supercages. A higher Mo
loading will result in more and larger Mo oxide particles,
and consequently the degree of sulfidation will be lower.
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FIG. 5—Continued

Also the presence of NaMoOy (as observed with HREM-
EDX) may hamper the sulfidation of Mo at 673 K. In Fig. 5b
large particles consisting of MoS; located on the outside of
azeolite crystal can be seen. Additionally, some amorphous
Mo-containing particles covered by MoS; can be seen at the
surface. Possibly, these are incompletely sulfided Mo oxide
particles. The low degree of sulfidation is in agreement with
the results of Leglise et al. (14) and Anderson et al. (19),
who also found an incomplete sulfidation for impregnated
stabilized Y-supported samples containing between 4 and
9 wt% Mo.

On the Mo(3.5)/NaY catalyst, even, a slight excess of
sulfur is present, compared to the formation of MoS,. This
can be due to the inaccuracy of the analysis method, or
perhaps to some elemental S formation during sulfidation.
However, as discussed above, all elemental S should have
been reduced after sulfidation at 673 K. The reason for the
presence of excess Sisnot clear yet. After sulfidation of pure
NaY no sulfur is found, indicating that the excess sulfur is
not caused by the zeolite support. It can not be excluded
that, also, the other Mo/NaY catalysts contain some excess

sulfur, which makes an exact determination of the degree
of sulfidation rather difficult.

Distribution of the Mo Species

From the decrease of BET surface areas and micropore
volumes with increasing Mo content (Table 2) it can be
concluded that both the oxidic calcined and the sulfided
samples contain at least part of the Mo species inside the
supercages. For all samples the decrease in surface area is
proportional to the decrease in pore volume, which indi-
cates that the loss in pore volume is not caused by partial,
but by complete filling of the supercages with Mo species
or by pore blocking. The latter possibility is sustained by
the following. The decrease in pore volume is much larger
than the maximum volume that can be occupied by the
Mo phase (MoO3; or MoS,). In the case of calcined oxi-
dic Mo(10.0)/NaY the decrease is 0.08 cm® g~!, while the
molybdenum oxide on this sample has a volume of 0.04 cm?
g1, assuming all Mo to be present as MoO:s.

The Xe adsorption isotherms of the noncalcined samples
show a small but definite decrease in adsorption capacity
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with increasing Mo content (Fig. 3a). Likewise, the chemi-
cal shift at infinitely low pressure (extrapolation to zero Xe
adsorbed) increases (Fig. 4a). These results indicate that
already after drying at least a small part of the Mo phase
is deposited in the supercages. As the Mo;O$, precursor
complex is too large its decomposition products must have
entered the supercages, either during impregnation or dur-
ing drying at 383 K.

On the oxidic calcined samples the decrease in adsorp-
tion capacity with increasing Mo content is much larger than
for the noncalcined samples, indicating that for the calcined
samples a larger amount of Mo species is located in the su-
percages. At the same time, for most of the calcined sample
the chemical shift at zero Xe pressure is lower than for the
noncalcined samples, which seems to be in contradiction
with the lower adsorption capacity of the latter ones. This
may be due to the presence of NH} ions and decomposi-
tion products of the M07Og; complex in the supercages of
noncalcined samples which may result in an increased in-
teraction between the Xe nuclei and the sample and, con-
sequently, in a higher chemical shift. After calcination, a
higher amount of Mo is present in the supercages, but the
Mo phase shows less interaction with the Xe atoms (lower
chemical shift).

The results indicate that during calcination at least a part
of the MoOs is redistributed through the supercages. As the
calcination was performed in ambient air which contains
some water, the redistribution has probably taken place
via the formation of MoO,(OH), as proposed by Fierro
et al. (7). Due to the low vapor pressure of MoO,(OH),
(1.7x107* N m~2 at 600 K (37)) and the short calcina-
tion period (2 h at 673 K) the amount of MoO3 redis-
tributed in this way will be limited, resulting in a rela-
tively small amount of Mo located in the supercages (less
than 25%, according to the HREM-EDX experiments).
The observation that the slope of the chemical shift ver-
sus adsorbed Xe plot (Fig. 4b) increases with increasing
Mo loading suggests a growing degree of pore blocking
(23) by the molybdenum oxide, which agrees with the BET
results.

Sulfidation does not significantly change the amounts of
Mo species located in the supercages. The adsorption capa-
cities of the calcined and the sulfided Mo(x)/NaY catalysts
are also virtually equal. The chemical shifts of the adsorbed
129X e are somewhat higher for the sulfided catalysts than
for the calcined ones. During sulfidation the Mo oxides in
the supercages are converted into Mo sulfide. The sulfided
species may occupy somewhat more pore volume, as both
the BET results and the '*Xe chemical shift indicate that
the remaining pore volume became somewhat smaller after
sulfidation. In principle, the increase in the chemical shift
may also originate from a stronger interaction between the
129X e and the Mo species in the supercages after sulfidation.
From the higher slope at higher Mo content (Fig. 4c) it can
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be concluded that, similar to the calcined samples, also for
the sulfided samples pore blocking occurs.

The conclusions derived from BET, Xe adsorption, and
129X e-NMR are confirmed by HREM-EDX. For both the
calcined and the sulfided catalysts the distribution of the
Mo phase is rather inhomogeneous. Neither the BET re-
sults nor the Xe adsorption and '>’Xe-NMR experiments
can be used to quantify the amount of Mo inside the ze-
olite pores (26). Both techniques, however, indicate that
for calcined and for sulfided samples a certain amount of
Mo species is present in the supercages. From the EDX
results on the ion-milled sulfided Mo(10.0)/NaY sample it
can be estimated that approximately 20% of the total Mo
content is present in the zeolite pores. These results are in
agreement with those reported by Laniecki and Zmierczak
(17) who concluded that MoS, in Mo/NaY catalysts pre-
pared by impregnation is mainly located on the outside of
the zeolite particles. In contrast herewith, Ezzamarty et al.
(15) concluded from XPS measurements that for sulfided
impregnation type Mo/USY catalysts the Mo phase is well
dispersed and mainly present in the zeolite cavities.

HREM shows that most of the zeolite particles are cov-
ered with large mono- and multi (<10)-layer MoS; particles.
Thus, the dispersion of the MoS; located on the outside of
the zeolite particles is low. Nevertheless, the Mo/NaY cata-
lysts are rather active for thiophene HDS. This strongly
indicates that the HDS activity is primarily caused by the
(highly dispersed) very small Mo sulfide particles inside the
supercages, rather than by the large Mo sulfide particles at
the outer zeolite surface. The low overall degree of sul-
fidation (Table 1) may not have a strong influence on the
HDS activity, since the nonsulfided Mo oxide fraction is cov-
ered by MoS; and further sulfidation will not substantially
increase the MoS, surface. Based on the N; adsorption and
129X e NMR results the activity increase with increasing Mo
loading can be explained by the enlargement of the active
surface due to the growing amount of Mo sulfide present
in the supercages. Also in the case of sulfided zeolite Y
supported Ni or Co catalysts there are indications that es-
pecially the small sulfide clusters in the supercages are very
active for thiophene HDS (27, 38).

CONCLUSIONS

NaY-supported Mo sulfide catalysts prepared by impreg-
nation with AHM are active thiophene HDS catalysts.
During impregnation very little Mo enters the zeolite su-
percages. During calcination, however, a certain part of
the Mo phase is redistributed to the supercages. No ma-
jor relocation of the Mo takes place during sulfidation. The
Mo oxide species in the supercages are most probably fully
sulfided, while the Mo phase on the exterior is only partly
sulfided. This is caused by the presence of large molyb-
denum oxide particles of which only the outer layers are
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converted into MoS,, while the core remains unsulfided.
The small Mo sulfide particles in the zeolite pores are
the main contributors to the thiophene HDS activity of
these catalysts. Therefore, further improvement of the cat-
alytic properties may be possible by developing preparation
methods resulting in a more selective formation of Mo sul-
fide inside the supercages.
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