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The effect of sulfidation on the Ni
distribution in Ni/USY zeolites
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Ni/USY zeolite catalysts have been prepared by either an ion-exchange or an impregnation
procedure. The modification of support and the effect of sulfidation on the Ni distribution were
examined by various techniques (water adsorption, FT i.r. spectroscopy of chemisorbed NO,
XPS, 12°Xe n.m.r. and Xe adsorption). In all catalysts the sulfidation of Ni is incomplete and the
method of Ni introduction influenced the Ni distribution in Ni/USY zeolites. In unsulfided samples
ion-exchange technique led to Ni located essentially in hexagonal prisms, whereas in the other
samples prepared by impregnation procedure the Ni concentrates were located at or near the
outer zeolite surface. Some nickel redistribution has been observed during catalyst sulfidation.

© Elsevier Science Inc. 1997
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INTRODUCTION

Transition metal (TM)-loaded zeolites constitute one of
the most interesting catalyst categories; they are useful
for many hydrocarbon conversions, mainly because of
the ability of the zeolite to function as a high surface
area, acidic, and shape-selective catalyst support. In
particular, industrial hydrocracking processes often
combine zeolites and TM. This is due to the fact that
the TM supported on zeolites yield lighter products
and are more resistant to deactivation by N- and S-con-
taining compounds than when supported on silica-
aluminas.' The precise design of this type of catalyst is
still difficult to discern because of the limited knowl-
edge about the location, distribution, and interaction
of the active ingredient with the zeolite surface as well
as their implications on the catalytic performance.?
Several studies of zeolite Y-supported nickel sulfide
have been reported in recent years.*'* Because USY
has a lower ion-exchange capacity than NaY zeolite, a
less uniform pore system, and contains extraframework
alumina (EFAL), which might react with Ni to some
extent, especially during calcination, Ni/USY systems
are less well described than Ni/NaY catalysts. In gen-
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eral, the degree of nickel sulfidation or reduction was
affected by the preparation procedure, by the extent of
nickel exchange, and by the type of the nonexchanged
cations. It has been found that Ni*" ions located in
hexagonal prisms (S; sites) are less accessible to reduc-
ing or sulfiding agents than those in the supercages
(Sy) and sodalite cages (Sy, Sy). The state of the sul-
fide ingredient was determined by using different
chemical and physical _Probes by Cid et al.,” Kovacheva
et al..® Cornet et al., * and Welters et al.,® who con-
cluded that sulfidation was accompanied by an increase
in Bronsted acidity. In the case of Ni/USY zeolite, Leg-
lise et al.® and Ezzamarty et al.'” found by photoelec-
tron spectroscopy that Ni concentrates near the zeolite
surface in calcined samples and that it became better
dispersed upon sulfidation. Moreover, using FT i.r. of
chemisorbed NO, Pawelec et al.'' concluded that in
sulfided Ni/USY zeolites a fraction of the nickel re-
mains unsulfided.

In this paper we study the effect of the preparation
method together with the effect of sulfidation on the Ni
distribution in the USY zeolite. The difficulties of low
ion-exchange capacity of the USY zeolite was overcome
by increasing the Ni content using ion-exchange fol-
lowed by impregnation techniques. As it seems to be of
interest to identify the nature, location, and dispersion
of sulfide phases brought about by sulfidation, as well as
their interaction with the zeolite support, the present
work is concerned with the physicochemical character-
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ization of sulfided Ni/USY catalysts. For this purpose,
water adsorption, FT i.r. spectroscopy of chemisorbed
NO, XPS, and '**Xe n.m.r. spectroscopy in combina-
tion with xenon adsorption techniques are used to
characterize both the precursor and sulfided nickel
phases and their distribution throughout the zeolite
particles.

EXPERIMENTAL
Catalyst preparation

All the nickel-containing zeolites were prepared from
the original ultrastable Y zeolite. The characteristics of
this USY zeolite are as follows: §iO,/Al,O4 mole ratio
5.6, Na,O content 0.14 wt%, and unit cell 2.454 nm. As
the USY zeolite has low exchange capacity, only small
amounts of Ni can be incorporated by the ion-
exchange procedure. However, the Ni content incor-
poration can be increased by combining ion-exchange
and impregnation procedures. Accordingly, one cata-
lyst containing 1.4 wt% of Ni was prepared by ion-
exchange from a 0.17 M aqueous solution of
Ni(NOy), - 6H,O (Merck, reagent grade), using a vol-
ume ratio of solution to zeolite of 20:1, at a constant
temperature (333 K), and maintained with constant
stirring for 24 h. The zeolite was separated by decanta-
tion, repeatedly washed with 50 cm? of distilled water,
dried in air at 383 K for 4 h, and calcined at 723 K for
2 h. The other two catalysts containing 5.0 and 9.0 wt%
of Ni were prepared by combining both ion exchange
(in a similar manner as for the 1.4 Ni sample, except for
the different nickel nitrate concentration) and impreg-
nation (instead of decantation, a rotary evaporator was
used for water removal). The subsequent drying and
calcination steps were identical to those noted above.
The catalysts will be referred to as xNi, where x = 1.4,
5.0, and 9.0 denotes the wt% of Ni on a water-free
zeolite basis.

Characterization techniques

The nickel content was determined by atomic ab-
sorption spectrometry using a Perkin-Elmer 3030 ab-
sorption instrument. The samples were solubilized in a
mixture of HF, HCl], and HNOg4 and were homogenized
in a microwave oven at a maximum power of 650 watts.

Pore volumes were calculated from the nitrogen ad-
sorption isotherms, measured at 77 K using a Mi-
cromeritics Digisorb 2600 on samples that were previ-
ously outgassed at 623 K. Adsorption capacities of water
were measured gravimetrically using a Cahn-2000 mi-
crobalance connected to a vacuum line and gas-
handling system. A 70-mg unsulfided sample was used
in each experiment, and the sensitivity was adjusted to
1 pg. Before water adsorption the samples were thor-
oughly outgassed under dynamic vacuum (ca. 1.2 x 107
torr, 1 torr = 133.3 Nm™2) at 623 K for 14 h. Then they
were cooled to ambient temperature (298 K) and were
contacted with the adsorbate at relative pressures
(P/P,) between 0 and 1. The isotherms were con-
structed in gradual steps by increasing the pressure in
small successive increments by evaporating distilled wa-
ter from an ampoule sealed to the microbalance bottle.
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The equilibrium pressure was measured with a baratron
MKS capacitance pressure transducer connected to the
same vacuum line. The equilibrium was considered
when the overall weight did not change more than
0.15% of the total amount of water already adsorbed.

Infrared spectra of adsorbed NO were taken with a
Nicolet 5ZDX Fourier Transform Infrared spectrom-
eter working with a resolution of 4 cm™ in the whole
spectral range. Infrared experiments were carried out
in a cell provided with greaseless stopcocks and KBr
windows, which allowed thermal treatments under
vacuum. The zeolites (thickness 13.6-15.0 mg/cm?)
were first outgassed at 723 K under vacuum for 3 h.
After cooling to room temperature, they were con-
tacted with ca. 30 torr of NO, and the i.r. spectrum was
recorded. Sulfided zeolites were also studied using NO
as probe molecule. In all cases, the spectra were re-
corded after a 15-min exposure to NO at room tem-
perature. The in situ sulfiding procedure was as follows:
The samples were heated in a helium flow at 673 K for
0.5 h, then were exposed to a mixture of HyS:Hy = 1:9
for 3 h at the same temperature, followed by purging in
a helium flow at 673 K for 0.5 h. Outgassing and chemi-
sorption conditions were the same as above.

Photoelectron spectra were recorded with a Fisons
ESCALAB 200R electron spectrometer equipped with a
MgK,, X-ray source (hv =1253.6 V) and a hemispheri-
cal electron analyzer. The X-ray source was operated at
12 kV and 10 mA. The precursor and sulfided samples
(sulfided ex situ in a HyS:H, = 1:9 mixture at 673 K for
3 h) were pressed into small stainless steel cylinders
(under isooctane in the case of sulfided samples to
avoid contact with the air) and were mounted onto a
manipulator, which allowed transfer from the prepara-
tion chamber into the analysis chamber of the spec-
trometer. The samples were pumped out to 107 torr
before they were moved into the analysis chamber. The
residual pressure in this ion-pumped chamber was
maintained below 7 x 10 torr during data acquisition.
Each spectral region of the photoelectrons of interest
were scanned a number of times to obtain good signal-
to-noise ratios. Although surface charging was observed
on all the samples, accurate binding energies (0.2 eV)
could be determined by charge referencing with the
adventitious Cls peak at 284.9 eV.

A Bruker MSL 400 spectrometer has been used for
the '**Xe n.m.r. measurements. The spectra were taken
at 303 K at 110.7 MHz with pulse excitation (0.5-s pulse
delay) on stationary samples. The number of scans was
between 2 x 10% and 7 x 10*. The chemical shift 8
depending on the amount of xenon adsorbed per gram
of dried and unloaded zeolite (xenon density), is given
with respect to the value for gaseous 129% e, which is
used as a reference. After pretreatment procedures
(drying in helium for 2 h at 673 K; sulfidation in a
mixture of H,S/H, = 1:9 for 2 h at 673 K; heating rate
= 6 K/min), the samples have been transferred via a
recirculation-type glove box (Oy and HyO < 2 ppm)
into the tubes used for xenon adsorption and n.m.r.
spectroscopic measurements. The samples have been
evacuated at 303 K (p< 1072 Pa) followed by a successive
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adsorption of xenon at the same temperature (time of
adsorption at each xenon pressure: 10 min).

RESULTS

Water sorption capacities

The shape of the adsorption isotherms for zeolites is
not very informative and classical methods used to cal-
culate the monolayer capacity do not work.'® Thus, the
obtained results of “BET’’ analogous surface area mea-
surements on zeolites using nitrogen as an adsorbate
cannot be considered as absolute and correct values,
even though they may approach the real ones. As ni-
trogen adsorption does not involve specific interac-
tions, the micropore volume can be calculated by ap-
plying the Polanyi-Dubinin theory. The water adsorp-
tion method seems, however, more attractive.'® The
polar character of water involves specific interactions
between water molecules and hydrophilic centers,
which are silanol groups or compensating cations.

The water sorption isotherms determined for various
calcined (unsulfided) xNi samples at 298 K at relative
pressures P/ P, between 0 and 1 are displayed in Figure
1. For all catalysts the water isotherms exhibit a rapid
increase in water adsorption at P/F, below 0.2, then
increase slowly up to P/F, close to 0.8. By comparing
the amounts of water condensed at P/ P, =0.4 (Table 1),
it is apparent that the Nifree zeolite shows the maxi-
mum sorption capacity. A very small decrease in sorp-
tion capacity is observed for the 1.4 Ni and 5.0 Ni zeo-
lites and slightly larger for the 9.0 Ni homologue. This
is expected because the micropore volume of the zeo-
lite decreases with an increasing Ni percentage. The
maximum volume (W,) accessible to water was calcu-
lated from the Dubinin-Raduschkevitch (DR) equa-
tion.'®'® In the linear form the DR isotherm is: log W
= f[Tlog(Fy/P)]. The ordinate at the origin of the line
defines W,. The linear transforms of the DR equation
for the isotherms displayed in Figure I are shown in

500

400 +~

A W /W, (mg/g,e)
8

100

0 1 ! ] 1 1 1 | 1 )
0.0 0.2 0.4 0.6 0.8 1.0

PHZO/PO

Figure 1 Adsorption isotherms of water at 295 K on different
unsulfided xNi USY zeolites: (0), USY; (@), 1.4 Ni; (l), 5.0 Ni; (A),
9.0 Ni.
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Table 1 Water adsorption at 295 K (P/P, = 0.4) and N, adsorp-
tion at 78 K (P/P, = 0.2} for unsulfided xNi USY zeolites

Ni W, VNitrogen
Zeolite {(wt%) (cm¥g,eol” (eM¥/g,e01)
1.4 Ni® 1.4 0.35 176
5.0 Ni° 5.0 0.34 165
9.0 Ni° 9.0 0.28 164
usy 0.37 185

2 W, is the maximum volume of the zeolite accessible to water.
® The catalyst was prepared by ion exchange.

°The catalyst was prepared by ion exchange followed by im-
pregnation.

Figure 2, and the W, values are compared in Table I with
the results of N, isotherms at P/ P, = 0.2. The maximum
W, and N, adsorption capacities are observed for the
USY zeolite, but they decrease for xNi samples. The
strongest decrease is observed at the highest Ni con-
tent. Accordingly, both the N, sorption capacity and
the maximum micropore volume of the zeolite acces-
sible to water provide information about the presence
of Ni within the zeolite pores.

Fourier transform infrared spectroscopy (FT i.r.)

Infrared spectroscopy of the NO molecule has been
used to titrate the chemical environment of Ni%* ions in
both precursor and sulfided Ni-loaded zeolite cata-
lysts.'” The FT i.r. spectra of the NO chemisorbed on
the precursor xNi samples (Figure 3A) are compared
with those of the sulfided counterparts (Figure 3B). Ad-
sorption of NO on the precursor xNi samples gave rise
to a single band at ca. 1,900 cm™l. In agreement with
literature findings'®*° this band is associated with the
stretching vibration mode of the N-O bond in NO
monomers chemisorbed on Ni** ions. The i.r. spectra
of NO chemisorbed on sulfided catalysts are, however,
more complex. They show two bands, one at ca. 1,900

cm™! and an other at ca. 1,850 cm™'; the latter is due to

10°[Txlog(P,/P)]?
0.0 1.0 2.0
T

T T T

S
~J

-0.9

Figure 2 Dubinin-Raduschkevitch transforms for the adsorp-

tion isotherms of water at 295 K on unsulfided xNi USY zeolites.
The symbols are the same as in Figure 1.
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Figure 3 i.r. spectra of chemisorbed NO on unsulfided (A) and sulfided (B) xNi USY zeolites: (a), 1.4 Ni; (b), 5.0 Ni; and (¢}, 9.0 Ni. The
net spectra were obtained by subtracting the background spectra of the zeolite from the overall spectra after NO adsorption.

the stretching vibration of NO chemisorbed on sulfided
NiZ* ions,11 whereas the former is due, as noted above,
to NO adsorbed on unsulfided Ni** ions. This finding
indicates clearly that a fraction of nickel remains as a
nonsulfided Ni species. It is observed in Figure 3B that
upon increasing the Ni content the band at 1850 cm™
shifts slightly toward higher wavenumbers. For the
1,900-cm™" band of the 1.4 Ni and 9.0 Ni samples the
exact band positions varied between precursor and sul-
fided samples and were (values in parentheses for the
sulfided samples): 1,902 (1,903) cm™* for 1.4 Ni and
1,901 (1,904) cm™ for 9.0 Ni. From these values it
seems that sulfidation leads to a slight shift (large for
the 9.0 Ni sample) to higher wavenumbers of the NO
frequency. The exception is the 5.0 Ni sample for which
this band position at 1,902 cm™ was the same for both
precursor and sulfided samples. Additionally, the in-
crease of the absorbance at ca. 1,900 cm™ with increas-
ing Ni content in sulfided samples suggests that the
fraction of nonsulfidable nickel increases with increas-
ing Ni content. This finding can be taken as conclusive
that a fraction of the Ni** ions present in the precursor

samples cannot be sulfided under the conditions used
in this study.

Photoelectron spectroscopy

The Ni 2p; , core level spectra of precursor and sul-
fided xNi samples were recorded to get an idea on the
nature of exposed nickel species. Figure 4, A and B,
display the series of precursor and sulfided xNi USY
spectra, respectively, whereas Tables 2 and 3 compile
the binding energies of the Ni 2p; , peak along with the
Ni/Si atomic ratios. The spectra show primary satellite
peaks around 862.5 eV due to shake-up electrons.
Wherever the line shape of the Ni 2p; , peak was un-
symmetrical and broad we have used an empirical
method to roughly resolve the curve using an expres-
sion for Gaussian/Lorentzian distribution. Upon curve
fitting, the 1.4 Ni zeolite shows a Ni 2p; , peak at 857.6
eV, which shifts to 853.4 eV upon sulfidation. The two
oxidic zeolites with a higher Ni content (x = 5.0 and
9.0) display two contributions at 855.4-855.6 and
856.8-857.1 eV. The former BE is associated with free
NiO and the latter is associated with Ni** cations inter-
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Figure 4 Ni2p3/2 core level spectra of (A) unsulfided and (B) sulfided xNi USY zeolites: {a)} 1.4 Ni: (b) 5.0 Ni; and {c) 9.0 Ni.

acting with zeolite lattice oxygens,?' and even with the
EFAL produced in the zeolite with USY zeolite channels
during steaming. Upon sulfiding (Figure 4B), two peaks
at 853.0 and 855.3-855.7 eV can be discerned. The
former peak corresponds to nickel sulfide (NigS,)®, and
the latter belongs, by analogy with the one found on
calcined samples, to the nonsulfided Ni%* species.

The S 2p spectral region has been also recorded for
all catalysts. A single peak at ca. 161.8 eV, characteristic
of S$% ions,?? was found on all sulfided catalysts. The
absence of a second component at binding energies as
high as 168 eV, where sulfate species are usually ob-
served, indicates that the experimental procedure fol-
lowed during sulfidation and sample transfer within the

254 Zeolites 18:250-259, 1997

spectrometer chamber is quite efficient in avoiding air
contact.

The Ni/Si XPS atomic ratios of unsulfided samples
compiled in Table 2 indicate that this ratio is extremely
low for the 1.4 Ni zeolite, but it increases dramatically
for 5.0 Ni and 9.0 Ni zeolites. The fast increase of the
Ni/Si ratios compared to the increase in Ni loading is
probably due to the covering of Si atoms from the zeo-
lite lattice by large NiO crystals at the outer zeolite
surface. The appearance of NiO diffraction lines in the
X-ray diffraction pattern of the 9.0 Ni zeolite indicates
NiO crystal sizes larger than ca. 5 nm. However, the
crystal size of NiO in the 5.0 Ni zeolite must be small, as
no diffraction lines of NiO were observed. These results



Table 2 Binding energy (eV) of core electrons and surface
(XPS) atomic ratios for unsulfided xNi USY zeolites

Catalyst Si2p Ni2pg,, Ni/Si?

1.4 Ni 102.8 857.6 0.003
857.1 (83)°

5.0 Ni 102.8 855.4 (17)® 0.259
856.8 (56)°

9.0 Ni 102.8 855.6 (44)° 0.612

2 Shake-up satellite Ni2* was also considered in these calcula-
tions.
® Values in parentheses corresponded to peak percentages.

emphasize again that the Ni*' ions have been ion-
exchanged completely within the zeolite crystal at low
Ni content (1.4 Ni zeolite) whereas oligomeric NiO
structures have been developed in 5.0 Ni and 9.0 Ni
catalysts. The Ni-enrichment on the zeolite surface in
calcined NiHY-stabilized zeolite, prepared by ion-
exchange and comparable loading to our 5.0 Ni cata-
lyst, was also observed in the literature.'®

The comparison of Ni/Si XPS ratios of unsulfided
(Table 2) and sulfided (Table 3) samples indicates an
increase in the Ni exposure for the three xNi-sulfided
zeolites (a factor of 11.7 for 1.4 Ni, 3.7 for 5.0 Ni, and
5.3 for 9.0 Ni samples).

Xenon adsorption and '**Xe n.m.r.

Figure 5A shows the adsorption isotherms for xenon
on the (oxidic) precursor samples, including pure USY.
Within the pressure range studied the isotherms are
almost linear, and the small deviation for the sample
with the lowest Ni content does not seem significant in
view of the results obtained for the other two Ni-loaded
samples. One would expect a continuous decrease of
the slopes of the isotherms (indicative for the Xe ad-
sorption capacity) for samples with increasing amounts
of Ni. Our observations for the oxidic samples show this
behavior only rather weakly.

The adsorption isotherms for the sulfided samples
are given in Figure 5B. The isotherms of the Ni-loaded
samples all have smaller slopes than that of the parent
USY sample. The smallest slope is found for 9.0 Ni
(smallest adsorption capacity), whereas the slopes of
1.4 Ni and 5.0 Ni are virtually the same.

Figure 6, A and B, depict the 129%e chemical shift
variations with Xe loading for the calcined (oxidic)
samples and for the sulfided analogons, respectively. In

Table 3 Binding energies (eV) of core electrons and surface
(XPS) atomic ratios for sulfided xNi USY zeolites

Catalyst Si2p Ni2p,s S2p Ni/Si?
855.8 (80)?

1.4 Ni 102.9 853.4 (20)? 161.9 0.035
855.7 (57)?

5.0 Ni 102.7 853.0 {43)? 161.9 0.966
855.3 (55)°

9.0 Ni 102.6 853.0 (45)? 161.7 3.252

2 The shake-up satellite for both peaks of Ni?* (sulfided and un-
sulfided) were also considered in these calculations.
» The values in parentheses correspond to peak percentages.

N. distribution in Ni/USY zeolites: B. Pawelec et al.

both series clear differences exist between samples with
different Ni contents and with the pure USY. For 1.4 Ni
and 5.0 Ni a nonlinear chemical shift versus Xe-loading
behavior is observed, whereas USY showed a linear be-
havior (Figure 6A). The corresponding single '**Xe
n.m.r. signals recorded for 1.4 Ni and 5.0 Ni are very
broad compared with USY. The line broadening is due
to the effect of paramagnetic Ni** cations and is in
agreement with results observed by Gedeon et al.?*?*
for NiNaY. In the case of 9.0 Ni the '**Xe n.m.r. signals
were broadened beyond detection. The '**Xe n.m.r.
spectra of the sulfided samples consist of more than
one signal: A second line is found downfield from the
main signal, and one or two shoulders are found near
the main signal. Figure 6B shows the behavior of the
main signals only.

DISCUSSION

As expected from the low ion-exchange capacity of the
USY zeolite the extent of Ni exchange in this zeolite was
rather small but sufficient to exchange essentially all
the Ni in the 1.4 Ni zeolite. However, incorporation of
larger amounts of Ni by ion-exchange and impregna-
tion procedures (samples 5.0 and 9.0) leads to a poorly
dispersed nickel oxide phase. As the nickel content in-
creases in the 5.0 and 9.0 Ni zeolites, it can be assumed
that the proportion of exchanged nickel does not
change substantially but that the fraction of nickel de-
posited on the inner or outer surface of the zeolite
crystals increases. As confirmed by all the characteriza-
tion data the two different preparation methods and
the severe calcination conditions led to a different Ni
distribution in the macro- and mesopores of the zeolite
and result in the formation of some NiO on the outer
surface. Water and N, adsorption indicate a small
change of the volumes for the three xNi (x = 1.4, 5.0,
and 9.0) zeolites, and the volumes indicate that the
porous structure of the zeolite is not blocked by the
nickel oxide precursor. This finding suggests that for
the xNi zeolites with highest Ni content (5.0 Ni and 9.0
Ni) an important fraction of nickel is located at the
outer surface of the zeolite crystals. Ezzamarty et al.'”
found a similar behavior for an NiHY catalyst with com-
parable Niloading to our 5.0 Ni sample, although it was
prepared only by ion-exchange.

As revealed by the ir. spectra of chemisorbed NO,
the distribution of Ni species inside the zeolite crystals
differs markedly for the oxidic and sulfided xNi samples
with low and high nickel content. The comparison of
i.r. spectra of NO chemisorbed on oxidic (Figure 3A)
and sulfided (Figure 3B) xNi zeolites clearly shows that
a fraction of Ni** ions located at sites I, I, and II'’ is
accessible to the NO probe and that they cannot be
completely sulfided under the conditions used in this
study. Notice that the selective titration of unsulfided
(band at ca. 1,900 cm™') and sulfided (band at ca. 1,850
cm™') Ni species in a single chemisorption experiment
(cf. Figure 3B) provides a fast and accurate method to
distinguish not only the surface of unsulfided and sul-
fided Ni** species, but also their relative proportions.
As the absorbance of NO is proportional to the number
of Ni%* ions accessible to NO, it is clear that the pro-
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Figure 5 Adsorption isotherms of Xe on xNi USY zeolites: (A) unsulfided samples; (B) sulfided samples: (@), USY; (A), 1.4 Ni; (B), 5.0

Ni; and (¢), 9.0 Ni.

portion of exposed Ni** increased dramatically for the
5.0 Ni and 9.0 Ni zeolites. A similar tendency can be
obtained from the comparison of the XPS data. Al-
though the XPS technique is not so much surface sen-
sitive compared to NO chemisorption and its analysis
depth within the zeolite crystal is confined to 1-2 nm,
the data in the last column of Tables 2 and 3 point also
to a large increase of nickel species distributed over the
inner and outer zeolite surface. The combined NO
chemisorption and XPS results show that during sulfi-
dation of the 5.0 Ni and 9.0 Ni zeolite samples most of
the Ni incorporated becomes sulfided but that a signifi-
cant Ni fraction still remains unsulfided. It is likely that
only those Ni species present in the meso-/macropores,
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the supercages, and perhaps the sodalite cages are rela-
tively easy sulfidable, whereas the Ni species that (dur-
ing calcination) moved to the less accessible hexagonal
prisms or reacted with EFAL to form NiAl,O, are more
difficult to sulfide.

The much higher absorbances of chemisorbed NO
and the Ni/Si XPS ratios in sulfided zeolites than in the
oxidic counterparts point to an increase of the nickel
dispersion during sulfidation. As for the 1.4 Ni zeolite
most of the nickel has been ion-exchanged with the
protons of the zeolite, and the large increase of the
Ni/Si XPS ratio upon sulfidation suggests that a frac-
tion of the Ni** ions moves from hidden locations,
mainly in the hexagonal prisms, to more accessible po-
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Figure 6 Chemical shift for Xenon adsorption on NiUSY zeolites: (A) unsulfided samples; and (B) sulfided samples. The symbols are

the same as in Figure 5.
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sitions. Although the Ni dispersion in 1.4 Ni zeolite
seems to be complete, there is underestimation of the
Ni/Si XPS ratio as a consequence of the limited escape
depth of Ni 2p; ,, photoelectrons from hidden positions
of the zeolite. It is also inferred that for the 5.0 Ni and
9.0 Ni zeolites sulfidation induces redistribution of
“NiO clusters’” deposited in the supercages and at the
outer zeolite surface. Comparison of the Ni/Si ratios in
Tables 2 and 3 indicates that sulfidation decreases the
homogeneity of the catalysts and that there is no pro-
portionality between the increase of metal loading and
Ni exposure either in the oxidic or in the sulfided
samples. The substantial increase of the Ni/Si XPS ratio
for 5.0 Ni and 9.0 Ni sulfided samples with respect to
the nonsulfided counterparts can be taken as indirect
evidence of Ni enrichment at the outer zeolite surface.
This is mainly due to the fact that Si 2p photoelectrons
are underestimated as their mean free paths are on the
order of the size of the Ni sulfide crystal deposited on
the outer surface of the zeolite crystals. The above find-
ings are completely in agreement with our earlier ob-
servation.” At that time, it was concluded from XPS
experiments on ion-exchanged NiNaY zeolites that a
certain Ni enrichment in the outer zeolite layers occurs
after sulfidation. The formation of small NiO clusters
composed of Ni atoms with 3.5-oxygen neighbors and
3-Ni second nearest neighbors was proved by EXAFS
analysis of NiY zeolites treated with an aqueous NaOH
solution and calcined in air at 643 K,% indicating that
the Ni2+ ions coordinated with the framework oxygen
atoms of the HY zeolite migrate inside the supercages,
which provide upon calcination NiO-like structures.
From the above, it is apparent that these Ni clusters are
different from crystalline NiO with 6 nearest oxygen
and 12 second nearest Ni neighbors. An in-depth ex-
amination of the XPS data in Table 3 reveals a shift of
0.4 eV toward higher BE values in the Ni 2p5 , peak for
sulfided 1.4 Ni compared to its parent 5.0 Ni and 9.0 Ni
samples. This shift suggests that Ni** ions in the sul-
fided 1.4 Ni interact strongly with the zeolite matrix,
forming partially sulfided structures with no clustering
of Ni sulfide due to the low Ni content. As judging from
the percentages of the component of Ni 2p;,, peak at
853.0 eV (Ni sulfide) in the sulfided zeolites, there is a
substantial increase from the sample 1.4 Ni to the
sample 5.0 Ni, and much less marked from 5.0 Ni to
sample 9.0 Ni samples. Even with the limitations of XPS
and FT ir. measurements, this result roughly agrees
with the ratio of NO absorbances for sulfided (band at
ca. 1,850 cm'l) and nonsulfided (band at ca. 1,905
cm™) Ni** ions in Figure 3B. For the sulfided zeolites,
the presence of an important fraction of Ni?* ions in an
environment of oxide ions indicates a strong interac-
tion of these Ni** jons with the zeolite lattice.

The Xe-adsorption isotherms (Figure 5, A and B)
show a small, but significant, difference between Ni-
loaded USY and the parent USY only for the sulfided
samples (see previous section). The overall features of
the isotherms in Figure 5, A and B, are reminiscent of
those obtained earlier for NaY exchanged with NiCl,,*
except that for the sulfide samples the isotherms do not
diverge with Ni loading. The apparent insensitivity of
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the adsorption isotherms of oxidic samples toward the
ion-exchange of Ni?* for Na* cations can be explained
by the fact that the void volume within the super-
cages—the volume accessible to Xe—will hardly be in-
fluenced by the cation exchange. This is because the
ions are located mainly in the smaller cavities (notably
at site II in the sodalite cages) where Xe does not pen-
etrate. On the other hand, '**Xe n.m.r. chemical shifts
are influenced also by Xe cation interactions taking
place with Ni** close to (but not actually inside) the
supercages. The available void volume decreases due to
sulfidation. This is caused by sulfide formation from
that part of the Ni ions initially present in the super-
cages and those Ni ions reallocated to the supercages
during the sulfidation process, resulting in the slight
but significant decrease in adsorption capacities, seen
for all sulfided samples with respect to the oxidic coun-
terparts.

The results of the 1?*Xe measurements, summarized
in Figure 6, A and B, indicate that, as for the ion-
exchanged NaY systems,4 at least a part of the Ni?* ions
is located in or near the supercages where it can be
“sensed”’ by Xe. Relatively large differences are found
between the samples with different Ni loading and, for
the nonsulfided systems with the USY support. For the
oxidic 1.4 Ni and 5.0 Ni samples a nonlinear '**Xe
n.m.r. chemical shift versus Xe-loading behavior is
found. In the case of the oxidic sample with the highest
Ni content (9.0 Ni) the '**Xe n.m.r. signal was broad-
ened beyond detection. For the sulfided systems a non-
linear chemical shift plot is obtained for the sample
containing 9% Ni; all other samples yield approxi-
mately linear plots (see Figure 6B).

Nonlinear chemical shift plots for '**Xe n.m.r. of the
type, illustrated in Figure 6, A and B, are often explained
by invoking strong adsorption of Xe at certain sites,
together with large electric field effects and/or para-
magnetic effects caused by the sites.?>**?® In the pre-
sent case, Ni®* or Ni(OH)" cations located in or near
the supercages would qualify for this purpose. In the
oxidic samples the cations together with the negatively
charged lattice sites form systems with rather large
charge separations. The combined electric effects and
the strong adsorption of Xe lead to deshielding in
129%e n.m.r., according to Fraissard and Ito.*® In sul-
fided samples the charge separations and hence the
resulting deshielding in '**Xe n.m.r. will be reduced
considerably compared to the oxidic counterparts.

Discussions of the type cited above all refer to systems
with well-defined pore sizes and adsorption sites. In the
present case we are dealing with USY support material.
Depending on the method of preparation, USY may
have a rather irregular structure with a spread in pore
sizes. Therefore, an alternative explanation of the non-
linear '?°Xe chemical shift plots based on pore-size dis-
tributions should be considered as well.

For amorphous silica, alumina, and silica-alumina
nonlinear '®Xe n.m.r. chemical shift plots have been
published by Cheung.?” In systems possessing a distri-
bution in (micro)pore-sizes and having only weak ad-
sorption sites, Xe at low pressures will be adsorbed pref-
erentially in the smaller pores, where its 129%e n.m.r.
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signal will be relatively deshielded. At higher Xe load-
ings, the larger pores will be occupied also. Assuming
rapid exchange of Xe between the various adsorption
sites at 300 K,?® this behavior should lead to decreasing
chemical shifts with increasing Xe concentration at low
Xe loads and to the reverse trend at higher Xe loading.
This behavior was actually observed by Cheung,?” albeit
at a reduced temperature (144 K) to enhance the effect
of different adsorption propensities at different sites.
An additional feature of this description is that it may
explain the presence of additional lines in the '**Xe
n.m.r. spectra.”’

In view of the structural irregularities of the USY sup-
port, the above-cited description mechanism may not
be discounted a priori. Yet, the analogies between the
present results and those obtained earlier for NaY-
supported systems lead us to prefer an explanation of
our measurements in terms of strong, electrically active
adsorption sites, Provided by Ni** and NiOH* (oxidic
systems) cations.”?® The deviations from linearity as
well as the values of the '**Xe n.m.r. chemical shifts are
comparable for the two cases. The decrease of the cur-
vature in the plots after sulfidation would be hard to
explain in the cage-size homogeneity picture, inasmuch
as one would have to assume diminishing pore-size dis-
tributions. This seems at odds with the larger sizes of
the NiS particles. In contrast, within the Fraissard con-
cept of strong adsorption sites, diminishing electric
field gradients after sulfidation would have to be in-
voked, which seems rather plausible.*

With regard to the small effect of Ni-exchange on the
adsorption capacities it seems worthwhile to recapitu-
late that after drying the majority of the Ni** ions in-
troduced into the USY system will be located in hex-
agonal prisms and in sodalite cages. Both cavities are
not directly involved in the Xe-adsorption process. On
the other hand, Ni®* or NiOH cations at or near the
surfaces of the supercages will influence the n.m.r.
properties of the '**Xe nuclei adsorbed in the super-
cages.

The results of the Xe-adsorption measurements indi-
cate that no significant amounts of Ni-containing spe-
cies are present inside the supercages of the oxidic
samples. This is in accordance with the structural pic-
ture of dried, NiUSY prepared by ion-exchange, as out-
lined above. After sulfidation, a small number of Ni-
species are located within the supercages, as can be
judged from the slightly decreased adsorption capaci-
ties with respect to the USY reference. This decrease
seems, however, independent of the extent of ex-
change. This might indicate that the maximum num-
ber of Ni species originally present in the supercages
(not evident from the Xe-adsorption isotherms (see
above), or which are reallocated to the supercages by
the sulfidation, is already reached with the lowest Ni
concentration in this study.

The '#Xe n.m.r. results for the oxidic samples indi-
cate that Ni-species (Ni** or NIOH") must be located
very close to the supercages, because its influence is
easily detected by n.m.r. Such locations are, e.g., site I
(hexagonal prism) and, especially, site II' (sodalite
cages). These sites, along with site I’, have been previ-
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ously identified as Ni locations after the exchange of
NaY with Ni?*#** The number of occupied ‘“‘n.m.r.-
active’’ sites increases with growing Ni-concentration.
In '®**Xe n.m.r. this can be followed in a qualitative
fashion only from the changing chemical shifts. In the
sulfided samples the electric interaction between Ni
and the 2%Xe nuclei are smaller, presumably induced
by a similar mechanism as postulated earlier.* An alter-
native explanation of the curved chemical shift plots in
terms of a distribution in pore size®® was, although not
dismissed a priori, considered less likely.

CONCLUSION

The combined use of ir. spectroscopy of NO, photo-
electron spectroscopy, water and nitrogen sorption ca-
pabilities, and 129Xe n.m.r. (with xenon adsorption)
measurements provides some clues on the location of
nickel in xNi USY catalysts. The comparison of data for
the oxidic and sulfided zeolites indicate that important
changes in the location and distribution of nickel take
place during sulfidation.
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