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Nickel sulfide catalysts supported on a NaY zeolite with two
different metal loadings were prepared by ion exchange and with
or without a subsequent NaOH treatment. The catalysts were
characterized by number of techniques and measurements, such
as X-ray powder diffraction, X-ray photoelectron spectroscopy,
temperature-programmed reduction, energy-dispersive X-ray anal-
ysis using a scanning electron microscope, ion back-exchange,
and acidity determination. The data showed that after sulfidation,
nickel is homogeneously distributed for low Ni loadings, while at
high Ni loadings nickel is inhomogeneously distributed and par-
tially located outside the zeolite pores. The NaOH pretreatment
enhanced the heterogeneity of Ni distribution and its migration
to the external surface of the zeolite, particularly for the high-Ni-
containing catalyst. Simultaneously, NaOH pretreatment enhanced
significantly the degree of nickel sulfidation. The activities of the
catalysts for gas oil hydrodesulfurization (HDS) and pyridine hy-
drodenitrogenation (HDN) were measured simultaneously at high
pressure. The results showed that low-Ni-containing catalysts, and
particularly the NaOH-treated one, have the highest intrinsic activ-
ity for gas oil HDS. This is due to the combined effect of both their
better dispersion and better sulfidation of the Ni phase. For pyri-
dine HDN, the more active catalysts were those with higher acid
site density, i.e., the ones not treated with NaOH. © 1999 Academic

Press

INTRODUCTION

Transition metal sulfides supported on zeolites are active
for reactions such as hydrodesulfurization (HDS), hydro-
denitrogenation (HDN), and aromatic hydrogenation. In
addition, they form an important component of the com-
posite catalysts currently used in modern hydrocracking
processes (1-3). A knowledge of the surface and catalytic
properties of the zeolite-supported transition metal sulfide
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catalysts is of interest for the development of more com-
plex commercial catalysts which the petroleum refining in-
dustry needs for treating heavier feeds and to satisfy the
recent environmental regulations and fuel specifications.
These needs have therefore stimulated a strong research
effort, aimed at the catalytic and structural characterization
of transition metal sulfides in zeolites and particularly the
Mo, Ni, and NiMo/Y-type zeolite systems [see, e.g., (4-13)
and references therein].

Recently, Vasudevan and Fierro, in a review covering var-
ious aspects of HDS, summarized recent works on such zeo-
lite catalysts (12). The authors pointed out that an important
problem for the application of zeolite-supported transition
metal sulfides as HDS catalysts is the difficulty of maintain-
ing the metal phase highly dispersed inside the zeolite. In-
deed, in many studies (3-10) it has been demonstrated that
after calcination and/or sulfidation only a small part of the
metal remains inside the zeolite cages and a large part of the
active phase is located outside the zeolite particles. Our re-
cent results on Ni/USY catalysts (5) indicate the possibility
of reducing Ni sulfide segregation by forming small clusters
of NiO inside the zeolite cavities (14) prior to sulfidation.
It is important to examine further whether or not the latter
method of activation/sulfidation allows us to obtain better
results for the metal sulfide dispersion and consequently
for the catalytic activity. The behavior of zeolite-supported
metal sulfide catalysts in HDN reactions has hardly been
studied, and the results apparently disagree regarding the
influence of the acidity on HDN activity (6, 15-17).

In this work, we aimed to investigate if the Ni sulfide
dispersion obtained by direct sulfidation of Ni-exchanged
NaY zeolite can be improved by previous stabilization of
Ni?* ions in the zeolite supercages transforming them into
NiO species which are then sulfided. Information regarding
the structure of the catalysts in their oxide and sulfided
forms was obtained by means of different characterization
techniques. Also, HDS and HDN reactions were studied

under close-to-commercial conditions.
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EXPERIMENTAL

1. Catalyst Preparation

The starting material was a zeolite NaY [Linde, LZ-Y52,
Nass(AlO2)s56(Si02)136 - 240H,0]. Two NiNaY zeolite cata-
lysts containing 1.17 and 3.94 wt% Ni (12 and 40% of
Na* exchanged by Ni?*, respectively) were prepared by
ion exchange of NaY zeolite with aqueous solutions of
Ni(NO3), - 6H,0 at room temperature. After the exchange,
the samples were washed with distilled deionized water and
then dried overnight in air at 383 K. They are designated
Ni(X)Y, x being the weight percentage of Ni determined by
atomic absorption spectrometry (AAS) and calculated on
the basis of the dry zeolite.

From the dry Ni(xX)Y samples two additional catalysts
were prepared as follows. Samples of Ni(x)Y were treated
with an aqueous solution of NaOH at pH 11 and maintained
in stirring for 1 h, followed by washing to pH 7, drying in
air at 383 K, and subsequently calcining at 773 K for 4 h.
The NaOH-treated samples are denoted as Ni(x)Y-CL.

A HNaY (78% of Na™ exchanged) zeolite was also pre-
pared from NaY by ion exchange with an aqueous solution
of ammonium acetate and used as a reference.

2. Catalyst Characterization

Surface area and micropore volume of calcined catalysts
were calculated from the adsorption-desorption isotherms
of nitrogen at 77 K on an Micromeritic ASAP-2000 instru-
ment.

X-ray powder diffraction (XRD) for calcined catalysts
was carried out in a Seifert 3000 diffractometer using CuKa
radiation.

A Na' back-exchange procedure was performed as fol-
lows: 1 g of calcined catalyst was treated with 50 cm® of
0.05 M sodium acetate at room temperature for 24 h. After
the solution was filtered, the filtrate was analyzed for Ni?*
and Na* ions by AAS.

Temperature-programmed reduction (TPR) experi-
ments were carried out in a conventional TPR apparatus
equipped with a thermal conductivity detector (TCD) as
follows: 0.200 g of the catalyst was loaded in the TPR reac-
tor and pretreated at 773 K in an air flow of 25 cm® min~!
for 2 h. Thereafter, the sample was cooled to room tem-
perature and air flow was replaced by a reductive mixture
of 15 vol% H, in N, (25 cm® min~1). The temperature was
linearly increased at 10 K min~'. Sulfided samples were
sulfided ex situ in a mixture of 15 vol% H,S in H, (12 cm?®
min~!) at 670 K for 4 h. Then the samples were flushed
with He (20 cm® min~1), cooled to room temperature, and
transferred into the TPR reactor with minimum exposure to
air.

The X-ray photoelectron spectra for the calcined and sul-
fided catalysts were recorded on a AHIS HSi (Kratos An-
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alytical) spectrometer, working in constant AE mode, at a
pass energy of 80 eV, using a magnesium anode (MgKa =
1256.6 eV, 225 W). The peak positions are relative to the
binding energy of Si 2p (103.2 eV) and C 1s (284.6 eV).
The high-resolution Ni 2p and S 2p peaks were fitted using
a commercial least-squares fitting routine with nonlinear
Shirley background subtraction (18).

Energy-dispersive X-ray (EDX) analysis was performed
using an ISI DS-130 scanning electron microscope equip-
ped with a Kevex Si/Li detector and a Sun SparcStatium-
5 system.

The acidity of sulfided catalysts was measured by titration
with n-butylamine using a potentiometric method (19).

The overall sulfur content for sulfided catalysts was de-
termined by dissolving catalysts in aqua regia to oxidize sul-
fided species to sulfate. The sulfate was then precipitated
with barium perchlorate using an excess of solution. After
separation from the solid, the barium left in the solution was
analyzed by AAS, and by difference the amount of barium
sulfate was determined.

The samples of sulfided catalysts used for the X-ray pho-
toelectron spectroscopy (XPS), SEM-EDX, acidity, and to-
tal sulfur analysis measurements were sulfided as described
above for TPR, i.e., ex situ, and stored under n-heptane to
avoid contact with air.

3. Catalytic Activity Measurements

The activities of the catalysts for gas oil HDS and pyridine
HDN were simultaneously measured in a high-pressure,
continuous-flow microreactor under standard conditions:
H, pressure, 3 MPa; liquid space velocity (LHSV), 8.8 h™%;
H, (gas)/feed (liquid) ratio, 408 STP I/I; and reaction tem-
peratures, 598, 623 and 648 K. The feedstock was a gas oil
containing 1.28 wt% S and enriched with 0.08 wt% N in the
form of pyridine. Catalyst samples of 3 g (particle size 0.25—
0.42 mm) were diluted with SiC inavolume ratioof1: 3,and
sulfided in situ with a 7 vol% CS,/gas oil mixture at 2 MPa
and 623 K for 2.5 h. Liquid samples were taken at regular in-
tervals, and S and N contents were determined in an Antek
sulfur/nitrogen analyzer. From fractional conversion of
sulfur and nitrogen, apparent second-order and first-order
rate constants, kyps and kypn, were calculated (20).

RESULTS

1. Textural Properties, X-ray Diffraction, and Back-
Exchange of Ni?* lons in the Calcined Catalysts

The BET surface area and micropore volume for the par-
ent NaY zeolite were 890 m? g~* and 0.34 cm® g~*, respec-
tively. For the oxide samples neither the surface area nor
the micropore volume changed significantly with Ni load-
ing or NaOH treatment, indicating that NaOH treatment
does not lead to pore blocking.
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TABLE 1

XPS Data—Peak Positions and Relative Intensities for the Oxide Catalysts

Oxide catalyst Ni 2pa Satellite | <,\'“<;ap‘3’/2) || ‘(’g'iizzg)) :Eg‘l'j;; g ((’;"'ég; x 102
Ni(1.17)Y 855.8 861.8 1.08 4.40 0.02 2.20
Ni(3.94)Y 855.8 861.6 0.83 3.91 0.02 1.96
Ni(1.17)Y-CL 855.9 862.1 0.88 11.40 0.09 1.27
Ni(3.94)Y-CL 855.0 861.2 0.72 32.71 0.47 0.69

The XRD crystallinity of all catalysts is similar to that
of the original NaY zeolite. No peaks different from those
of the parent Ni(X)Y catalysts were detected in the XRD
patterns of the Ni(x)Y-CL catalysts.

The percentages of Ni?* ions reexchanged by Na* ions
are as follows: 2.5% for Ni(1.17)Y, 12.7% for Ni(3.94)Y,
0.2% for Ni(1.17)Y-CL, and 0.8% for Ni(3.94)Y-CL. It is
evident that the percentages of reexchanged Ni>* ions for
NaOH-treated catalysts are an order of magnitude lower
compared with those of the untreated ones.

2. X-ray Photoelectron Spectroscopy

2.1. Calcined catalysts. In Table 1 are presented the po-
sitions of Ni 2psj, peaks and the XPS relative intensity data
for the oxide Ni(x)Y and Ni(x)Y-CL catalysts. The position
of the Ni 2p3/, peak was constant (855.8 eV) for all catalysts
in their oxide form, except for Ni(3.94)Y-CL for which the
Ni 2ps;, peak appeared at lower binding energy, 855.0 eV.
The distance between the main Ni 2p3; and its satellite is
constant for all samples but there is a change in the ra-
tio of the intensity of the satellite peak versus the main Ni
2p32 peak. It is obvious that the NaOH treatment leads to
a decrease in the relative intensity of the satellite peak and
this effect is more evident for the zeolite with higher nickel
concentration (Table 1).

The position of 855.8 eV for the Ni 2p3,, peak corresponds
to Ni%* ions exchanged into the zeolite framework reported
for NiNaY zeolites (8) and Ni-USY zeolites (21-23). An
XPS study of the Ni 2ps/, peak positions and satellite inten-
sities of mixed transition metal oxide spinels (24) showed
that, when Ni?* ions shift from tetrahedral to octahedral
positions, there is a shift of the Ni 2p3z,; peak toward lower
binding energies by ca. 1 eV, and it is accompanied by a
30% decrease in the relative intensity of the satellite peak.
It is obvious that such an effect takes place for the NaOH-
treated zeolite samples, and that after the NaOH treatment
Ni%* ions are located in octahedral positions. The above
statement implies that in the dried zeolite a significant por-
tion of the Ni?* ions were located in tetrahedral positions,
which is in agreement with the findings of Suzuki et al.
(25) that the Ni?* ions in the Sy;, Sy (supercages) and Sy
(sodalite) sites of dehydrated NiNaY zeolites are with
trigonal-pyramid or tetrahedral coordination. The effect

is more evident for the zeolite with higher nickel content,
most probably due to a formation of nickel oxide clusters.
Additional support for this conclusion is the presence of
a second O 1s peak at 529.5 eV in the spectrum of the
Ni(3.94)Y-CL catalyst, which has a binding energy identical
to that of O 1s electrons in NiO.

The changes, in both I(Ni 2p)/I(Si 2p) and I(Ni 3s)/
1(Si 2p) ratios, were compared for the catalysts (Table 1).
The expected ratios of Ni 3s/Si 2p peaks for monolayer
and homogeneous distribution of nickel on the zeolite
matrix were calculated using the Kerkhof and Moulijn
model (26): 0.027 for the Ni(1.17)Y sample and 0.09 for the
Ni(3.94)Y sample. The comparison of these values with
the corresponding experimental ones (Table 1) shows that
the experimental value is fairly close to the theoretical one
for the Ni(1.17)Y sample and lower than the theoretical
value for the Ni(3.94)Y sample. These results are an
indication that the nickel distribution in the Ni(1.17)Y is
uniform, close to a monolayer distribution, and that in the
Ni(3.94)Y catalyst there is a formation of Ni-containing
clusters (26). The XPS data for the NaOH-treated samples
show that the experimental values for I(Ni 3s)/1(Si 2p) are
significantly higher than the theoretical values, especially
for the Ni(3.94)Y-CL catalyst. This is an indication for a
nonhomogeneous distribution of nickel species preferen-
tially on the external surface of the zeolite (26). Obviously,
the NaOH treatment leads to a diffusion of nickel ions
toward the external surface.

The experimental I(Ni 2p)/1(Si 2p) ratios provide addi-
tional information on the morphology of the catalysts. The
fact that the mean free path of Ni 2ps, electrons is two
times lower than that of the Ni 3s electrons should make
the relative intensities 1(Ni 2p)/1(Si 2p) even more sen-
sitive to the diffusion of nickel ions toward the external
surface. However, the change in the I(Ni 2p)/I1(Si 2p) ra-
tios as a result of the NaOH treatment is less pronounced.
This is an indication that most probably a change in the
size of the nickel oxide clusters at the surface occurs simul-
taneously. The effects of diffusion and cluster growth are
practically impossible to distinguish quantitatively solely
on the basis of the XPS data. However, one can use the
changes in I(Ni 2p)/I(Ni 3s) as an indication of the changes
in nickel oxide cluster size at the surface (Table 1). For both
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NaOH-treated zeolites the I(Ni 2p)/I(Ni 3s) ratio is, how-
ever, significantly lower, suggesting formation of NiO clus-
ters; the value for Ni(3.94)Y-CL being very close to the
experimental 1(Ni 2p)/(Ni 3s) ratio for NiO bulk powder.
Comparison between the NaOH-treated zeolites suggests
that diffusion of the Ni toward the external surface is higher
for the Ni(3.94)Y-CL catalyst, but this is accompanied by
the formation of larger nickel oxide clusters, e.g., to a signif-
icantly decreased dispersion of nickel in the Ni(3.94)Y-CL
catalyst.

2.2. Sulfided catalysts. The curve-fitted X-ray photo-
electron spectra in Ni 2p and S 2p regions for all catalysts
after sulfidation are presented in Figs. 1 and 2, respectively.
The shape of the Ni 2p envelope with a satellite peak clearly
shows the presence of nonsulfided Ni?* species in the cata-
lysts after sulfidation. Table 2 lists the binding energies of
the peaks derived from the curve fit for the Ni 2p3, and
S 2ps; peaks. The peaks for Ni 2pg, at 853.2 eV and for
S 2ps3, at 161.5 eV correspond very closely to the values
reported in the literature for nickel sulfides [(27-29) and
references therein]. The Ni 2ps, peak at 856.4 eV can be
assigned to the presence of nonsulfided Ni?* species in the
zeolite framework (21-23). But this binding energy is also
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FIG. 1. XPS spectra for sulfided catalysts in the Ni 2p region.
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FIG. 2. XPS spectra for sulfided catalysts in the S 2p region.
very close to the Ni 2p3/; peak at 856.8 eV for NiSO, (27, 28,
30) to be exclusively attributed to a remaining oxidic Ni%*
species. Simultaneously, a S 2ps3, peak at about 168.5 eV
appears for all catalysts, which is very close to the S 2p3.,
peak for a sulfate, observed at 168.7 (29) and 169.2 eV (31).
It indicates the possible presence of nickel sulfate formed
from the oxidation of nickel sulfide when introducing the
samples in the XPS instrument. The S 2ps/; peak appearing
at 163.4 eV corresponds to elemental sulfur, which has been
observed to have a binding energy at 163.7 eV (32).

The comparison between the I(Ni 3s)/1(Si 2p) relative
intensities for the oxide (Table 1) and sulfided (Table 2)
catalysts show that they are practically identical. As far as
the escape depths for Ni 3s and S 2p electrons are the same,
this is an indication that no significant change in the over-
all distribution of the nickel species on sulfidation occurs.
However, the I(Ni 2p)/1(Si 2p) and I(Ni 2p)/I(Ni 3s) rela-
tive intensities decrease significantly after sulfidation, which
indicates a further increase in the cluster size in which nickel
is included and/or the presence of sulfur species in the top
surface layers.

The changes in sulfur surface concentration I(S 2p)/
1(Si 2p) follow, in general, the changes in nickel surface con-
centration (Table 2). The overall S: Ni atomic ratio, based



332

CID ET AL.

TABLE 2

XPS Data for the Sulfided Catalysts

Sulfide catalyst Ni 2p3 S 2p3n ' ‘(';‘iizzg; :((2'233 || ?:;2235)) x 102 ! (‘SSIZZ‘;))
Ni(1.17)Y 853.2 161.5 1.90 0.02 0.95 0.14
856.4 163.4
861.8 (sat.) 169.0
Ni(3.94)Y 853.3 161.5 2.46 0.02 1.23 0.24
856.3 163.4
861.1 (sat.) 168.9
Ni(1.17)Y-CL 853.4 161.5 451 0.10 0.45 0.90
856.1 163.6
861.4 (sat.) 168.5
Ni(3.94)Y-CL 853.0 161.6 13.21 0.40 0.33 2.62
855.8 163.4
860.3 (sat.) 167.9

on the total S 2p and total Ni 2p intensities, is close to 1:2
for both Ni(1.17)Y and Ni(3.94)Y catalysts, and is 1: 1 for
Ni(1.17)Y-CL and 3: 2 for Ni(3.94) Y-CL catalysts (Table 3).
Apparently, thisdifference inthe overall S: Niratio is due to
a higher surface concentration of total sulfur in the NaOH-
treated catalysts. However, it is also important to compare
the S: Ni ratios for the species that appear at peak positions
related to nickel sulfide. For the Ni(1.17)Y and Ni(3.94)Y
catalysts the S:Ni ratio is about 1.5, and for the NaOH-
treated catalysts it is about 2.5.

The percentages of sulfided nickel, reoxidized nickel, and
remaining oxidic nickel are also presented in Table 3. Since
it was not possible to distinguish between Ni** in NiSO,
and remaining nonsulfided Ni?* based on the Ni 2p peak, we
used the area for sulfate species to obtain the corresponding
amount of the Ni 2p peak area as NiSO,, and then subtract
it from the total amount of nonsulfided Ni species. The XPS
data undoubtedly show that the sulfidation of Ni in NaOH-
treated catalysts is significantly higher compared with their
nontreated counterparts.

3. Temperature-Programmed Reduction

3.1. Calcined catalysts. Figure 3 shows the TPR of the
oxide Ni(x)Y and Ni(x)Y-CL catalysts. The two catalysts
with low Ni content exhibit similar profiles, with a single
broad peak with a maximum at about 733 K, which can be
attributed to the reduction of Ni?* ions located mostly in the
zeolite supercages. The TPR profile of the Ni(3.94)Y cata-
lyst also shows a broad peak at about 763 K with a shoulder
at about 810 K, which was attributed to the reduction of
Ni%* ions mainly in the supercages. The TPR profile of the
Ni(3.94) Y-CL catalyst exhibits a double peak with maxima
at 583 and 708 K. The low-temperature peak at 583 K can
be attributed to NiO species that are probably located at
the external surface of the zeolite (33). Therefore, as a re-
sult of NaOH treatment and calcination, part of the nickel
migrates from the supercages to the outer surface of the
zeolite particles and forms NiO clusters.

3.2. Sulfided catalysts. The TPR profiles for sulfided
catalysts are shown in Fig. 4. A common feature of all

TABLE 3
Additional XPS Data for the Sulfided Catalysts

(S: Ni)q ratio

Ni in Ni in Ni in oxidic Degree of Ni
Sulfided Total S and NiS NiSO, species sulfidation
catalyst Ni peaks NiS peaks (%) (%) (%) (%)
Ni(1.17)Y 0.58 1.7 23 8 69 31
(1:2) 3:2)
Ni(3.94)Y 0.39 14 24 9 67 33
(1:2) 3:2)
Ni(1.17)Y-CL 1.22 2.6 35 18 47 53
(1:1) 3:1)
Ni(3.94)Y-CL 1.44 25 38 33 29 71
(3:2) 3:1)
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FIG.3. TPR patterns of oxidic catalysts.

sulfided catalysts is the presence of a sharp peak at very
low reduction temperature, with a maximum in the range
510-540 K. The relative intensity of this low-temperature
peak increases with NaOH treatment for both low- and
high-Ni-containing catalysts. This TPR peak is due either
to the reduction of elemental S formed during sulfidation
(10) or to the removal of the excess sulfur species associated
with transition metals (7, 8) or Na* cations of the zeolite
(16, 34, 35).

The peak around 700 K observed for the sulfided low-
Ni-content catalysts can be attributed to the reduction of
nickel sulfide mostly into the supercages. The intensity of
this peak is much lower for the NaOH-treated samples. For
the Ni(3.94)Y-CL catalyst the peak is apparently shifted to
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lower temperature (600 K). This shifting can be attributed
to reduction of nickel sulfide species segregated outside the
zeolite particles. The well-defined high-temperature peak
at 880-910 K, which appears for both catalysts with high
Ni content, does not seem to be associated with sulfided
nickel species. It is possible that it reflects the presence of a
small amount of nonsulfided Ni?* species located in sodalite
cages or hexagonal prisms, which migrate there during the

sulfidation.
M Ni(3.94)Y-CL
\/\J\N(uqv
Ni(1.17)Y-CL

Ni(1.17)Y

H, consumption a.u.

300 500 700 900 1100
T, K

FIG. 4. TPR patterns of sulfided catalysts.



334

4. EDX and Total Sulfur Analysis

The EDX line profiles of the Ka line of Ni across the
wafers of the oxide catalysts showed that nickel is evenly
distributed in the two low-Ni-content catalysts, inhomo-
geneously distributed in the Ni(3.94)Y catalyst, and even
more inhomogeneous for its NaOH-treated counterpart.

On sulfidation, the EDX spectra in a large zone (ca.
0.5 cm?) of sulfided Ni(x)Y and Ni(x)Y-CL catalysts re-
vealed that all catalysts have S/Ni ratios higher than that
of NiS (used as reference). Table 4 presents the average
S/Ni atomic ratios and standard deviations for the EDX
spectra of 10 spots randomly selected. The excess sulfur
found in all catalysts is due to the presence of elemental
sulfur. Formation of elemental sulfur has been observed
during sulfidation of transition metal (7, 10)- and alkaline
metal (34)-exchanged zeolites. The S/Ni ratio is surprisingly
higher (about two times) for the two catalysts with low Ni
content compared with the high-Ni-content catalysts, indi-
cating that in the former the formation of elemental S is
favored.

Both the S and Ni contents of the sulfided catalysts were
chemically analyzed. The results are presented in Table 4.
For the Ni(3.94)Y and Ni(3.94)Y-CL catalysts, the S/Ni
atomic ratios are higher compared with the Ni3S; phase and
very close to the value of NiS, while for the Ni(1.17)Y and
Ni(1.17)Y-CL catalysts the S/Ni ratios are even higher than
for NiS. Therefore, the low-Ni-containing zeolite catalysts
have a significant excess of sulfur, as also found by EDX.
This leads us to consider that the formation of an excess of
sulfur could be associated with the Na* ions of the zeolite.
However, when the original NaY zeolite support was sub-
jected to a sulfidation treatment with H,S/H», the chemical
analysis did not reveal the presence of sulfur in the NaY
zeolite. Thus, the excess sulfur seems to be associated with
nickel species, probably those highly dispersed within the
zeolite. An excess of sulfur was also reported for sulfided-
zeolite-supported Mo (7) and Ni (10) catalysts. This sulfur
was considered to be elemental sulfur, which resulted from
the sulfidation reaction of NiO to Ni3S; and S (36) or from

TABLE 4

Average (S/Ni)4 Ratio of Sulfided Ni(x)Y and Ni(x)Y-CL Catalysts
as Determined by EDX and Total Sulfur Chemical Analysis

(S/Ni)q ratio

Catalyst EDX analysis Chemical analysis
Ni(1.17)Y 3.2 (0.50)? 1.7
Ni(3.94)Y 1.6 (0.06) 1.0
Ni(1.17)Y-CL 3.5 (0.50) 1.9
Ni(3.94)Y-CL 1.6 (0.19) 1.1

2 In parentheses are the standard deviations (o) for measurements on
10 small spots.

CID ET AL.

TABLE 5

Acidity and Intrinsic HDS Activity? of Ni(x)Y
and Ni(x)Y-CL Catalysts

Kiips (W1 g Ni )

Total acidity Acid
(meq n- strength? E; Gasoil Thiophene

Catalyst butylamine g~1) (mvV) HDS HDS
Ni(1.17)Y 1.72 311 (vs)© 11.2 6.1
Ni(1.17)Y-CL 1.82 474 (vs) 18.2 14.8
Ni(3.94)Y 1.61 250 (ms) 35 3.0
Ni(3.94)Y-CL 1.55 373 (vs) 3.8 3.9
HNaY 2.67 290 (ms) — —

# Measured at 3 MPa and 623 K.
b Estimated by the initial electrode potential, E;.
¢ vs, very strong; ms, medium strong.

the combination of various processes in which a dissocia-
tion of the H,S and a partial reduction of Ni?* into Ni* were
involved (37).

5. Catalyst Acidity

The total acidity of sulfided catalysts as determined by
n-butylamine titration is given in Table 5. For the Ni(x)Y
catalysts, the number and strength of acid sites increase with
increasing nickel loading. This result is expected since for
NiY zeolites the acidity generally increases with increasing
degree of exchange of Na™ by Ni?* ions. NaOH treatment
of the Ni(x)Y catalysts led to a decrease in their acidity,
although the values were still relatively high, due probably
to the formation of acidic SH and OH groups during sulfi-
dation (7, 8). The acidic HNaY sample shows, as expected,
a large number of acid sites but their strength is lower than
for the Ni-containing catalysts.

6. Catalytic Activities

Under the experimental conditions of high pressure used
in the present study, the catalysts deactivate slowly with
time-on-stream. Their deactivation is much lower than in
catalytic tests at atmospheric pressure (5, 8, 10, 11). The
catalysts lost between 10 and 15% of their initial activity
after 4 h of reaction, and then a steady activity was reached.

In Fig. 5 are shown the gas oil HDS specific activities (per
volume of catalyst), kyps, for the zeolite-supported Ni sul-
fide catalysts. The Ni(3.94)Y catalyst shows slightly higher
HDS specific activity than the Ni(1.17)Y sample. When the
catalysts were treated with NaOH, their specific activity
was nearly doubled for the low-Ni-content sample and only
slightly (about 15%0) increased for the high-Ni-content sam-
ple. The HDS specific activity of the acidic HNaY zeolite
was relatively low, as shown in Fig. 5.

The results of pyridine HDN are shown in Fig. 6. The
acidic HNaY zeolite shows the highest pyridine HDN spe-
cific activity. In general, all Ni-containing zeolite catalysts
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FIG. 5. Specific activities of sulfided catalysts for gas oil HDS in the presence of pyridine.

exhibit lower HDN specific activity, particularly at 598 and
623 K. Similarly to gas oil HDS, for pyridine HDN the
Ni(3.94)Y catalyst is slightly more active (per volume of
catalyst) than the Ni(1.17)Y catalyst. However, in contrast
to HDS, the catalysts treated with NaOH exhibit lower spe-
cific activity than their Ni(xX)Y counterparts. In particular,
Ni(3.94)Y-CL is inactive for pyridine HDN (Fig. 6).

DISCUSSION

1. Distribution of Ni Species in the Zeolite

As expected, the distribution of nickel in the calcined
Ni(1.17)Y catalyst prepared via Ni** ion exchange is very
homogeneous according to both TPR and EDX results. In
this sample nickel is uniformly distributed inside the zeolite
particles with close to a monolayer distribution, and only
Ni%* ions exchanged into the zeolite cavities are present. In
the calcined Ni(3.94)Y catalyst, nickel distribution appears
slightly less uniform with possible formation of clusters as
suggested by XPS. When Ni(x)Y zeolites were treated with
NaOH there was a partial transformation of the Ni?* ions to
small clusters or particles of NiO (highly dispersed since no
detection by XRD was observed). Simultaneously, migra-

tion of nickel to the external surface of the zeolite particles
has occurred on calcination. The formation of NiO phase
in the Ni (3.94)Y-CL catalyst is clearly shown by the shift
of 1 eV Ni 2ps/, peak to lower binding energy and the pres-
ence of a O 1s peak that has a binding energy identical to
that of O 1s electrons in NiO. The formation of NiO and
its localization outside the zeolite particles are supported
by the TPR results, which show the appearance of a new
peak at 583 K due to easily reducible nickel species. The
NaOH-treated samples also have very low values of back-
exchange of Ni?" by Na* ions (Table 1). The inhomogeneity
is more pronounced for the Ni (3.94) Y-CL catalyst than for
the Ni (1.17)Y-CL catalyst, but a small amount of NiO may
be present in the Ni(1.17)Y-CL catalyst as suggested by
XPS.

During the sulfidation process the oxidic nickel species
(Ni%* ions and NiO clusters) supported on NaY zeolite are
to some extent transformed into nickel sulfide. In this pro-
cess the overall distribution of the nickel species over the
zeolite surface does not change significantly for most of the
catalysts, as is derived from the XPS (Tables 1 and 2). But
the observed decrease in the I(Ni 2p)/1(Si 2p) and I(Ni 2p)/
I(Ni 3s) relative intensities between the oxide and sulfided
state suggests further increase in the crystal size of the Ni
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FIG. 6. Specific activities of sulfided catalysts for pyridine HDN measured simultaneously with gas oil HDS.

species during sulfidation. At a bulk level, the TPR results
for the low-Ni-content catalysts do not reveal significant
changes in the Ni distribution during the sulfidation. How-
ever, for the high-Ni-content catalysts the TPR data show
that sulfidation causes redistribution of Ni species: part of
the Ni migrates further outside the zeolite pores, while a
small amount of nonsulfided Ni** species moves to more
internal positions (sodalite or hexagonal prisms) of the ze-
olite. Thus, in the case of high-Ni-containing catalysts, for-
mation of NiO clusters prior to the sulfidation does not
prevent completely the migration of nickel species to the
external surface of the zeolite during sulfidation but even
facilitates it.

Regarding the extent of sulfidation, the EDX and total
sulfur chemical analysis data indicate that the catalysts are
completely sulfided because the observed S/Ni ratios are
comparable or above the stiochiometric value for the nickel
sulfides. However, the XPS spectra (Figs. 1 and 2) and their
derived quantitative data (Table 3) clearly show that cata-
lyst sulfidation was incomplete. Relatively large amounts of
oxidic Ni?* (30-70%) are still present on sulfidation. The
appearance of a high-temperature peak at about 900 K in
the TPR of the high-Ni-content sulfided catalysts, attributed
to remaining oxidic nickel species located probably in the
sodalite or hexagonal prism cages, confirms this.

Furthermore, according the XPS data the extent of
sulfidation increases in the order Ni(1.17)Y < Ni(3.94)Y <
Ni(1.17)Y-CL < Ni(3.94)Y-CL. The lower extent of nickel
sulfidation (~30%0) in the Ni(1.17)Y and Ni(3.94)Y cata-
lysts is due to the homogeneous distribution of the Ni?* ions
inside the zeolite cavities. The strong interaction of these
Ni?* ions with the zeolite framework, especially when they
are in the sodalite or hexagonal prism cages, limits their
sulfidation. For both NaOH-treated catalysts, it is evident
that the formation of NiO clusters facilitates nickel sulfida-
tion (~50 and 70%), especially when they are preferentially
located at the outside surface of the zeolite particles.

In the literature, information on the sulfidation behavior
of nickel on zeolites varies. Thus, several authors (6, 8, 9, 38)
have reported that the sulfidation of nickel on zeolites, af-
ter a standard sulfidation procedure, is incomplete. Others
(10, 39) have concluded that under such sulfidation con-
ditions the catalysts are fully sulfided. Most probably, the
differences in the conclusions are due in part to the use of
different characterization techniques to evaluate the degree
of sulfidation. In the first case (6, 8, 9, 38) the degree of sul-
fidation was based exclusively on XPS and IR spectroscopy
of adsorbed NO and CO data. In the second case (10, 39)
the sulfidation behavior of the catalysts was derived from
total sulfur determination by chemical analysis, TPS, EDX
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analysis, or gravimetric measurements. However, the latter
techniques do not differentiate the oxidation state of sulfur
and nickel and if elemental sulfur has been formed dur-
ing the sulfidation. Consequently, the estimated S/Ni ratio
will not reflect the stoichiometry of the nickel sulfide phase
only.

As mentioned above, the high S/Ni ratios derived from
both EDX and chemical analysis data indicate that an ex-
cess of sulfur is present in the catalysts. The excess of sul-
fur is present either in the form of elemental-like sulfur
or as labile nonstoichiometric sulfur. Its presence was con-
firmed from the low-temperature peak at 510-540 K ob-
served in the TPR of the sulfided catalysts. The presence
of elemental-like sulfur at the zeolite surface was also de-
tected, although weakly, by XPS. It is possible that the ele-
mental sulfur was located mainly inside the zeolite cavities
or that the labile nonstoichiometric sulfur was removed dur-
ing the high-vacuum conditions in the XPS instrument. It
is also remarkable that the S/Ni XPS ratio corresponding
only to the sulfided Ni species is close or higher than 1.5
for all catalysts, a value well above the stoichiometric ratio
for bulk NiS and NisS,. This large excess of surface sulfur
could be a nonstoichiometric sulfur strongly chemisorbed
on coordinatively unsaturated sites (40), and different from
the labile sulfur since it remains after evacuation.

2. Catalyst Activity

As shown in Table 5, the intrinsic activity (per gram of
Ni) for gas oil HDS decreases in the order Ni(1.17) Y-CL >
Ni(1.17)Y > Ni(3.94)Y-CL > Ni(3.94)Y. The higher HDS
intrinsic activity of the low-Ni-containing catalysts com-
pared with the high-Ni-containing catalysts may be at-
tributed to the more homogeneous distribution of nickel
sulfide and its location mainly in the zeolite supercages in
the former catalysts. However, both NaOH-treated cata-
lysts exhibit higher HDS activity than their nontreated
counterparts, and in the former catalysts the nickel sulfide
is more inhomogeneously distributed.

On the other hand, the order of HDS intrinsic activity
differs considerably from that of sulfided catalysts acidity.
Thus, neither nickel dispersion nor catalyst acidity alone
can account for the HDS activity, because both type of sites
have ability to catalyze HDS reactions. Most probably, a
synergetic effect between the nickel sulfide particles and the
acid sites of the zeolite, as proposed by Welters et al. (10),
occurs. This effect will most likely be present when the metal
sulfide particles are located inside the zeolite cages and in
close vicinity of the acid sites. However, both Ni(1.17)Y
and Ni(3.94)Y catalysts have lower HDS intrinsic activities
than their NaOH-treated counterparts. Therefore, the HDS
activity should also be influenced by other factors, such as
diffusional limitations for the large sulfur compounds in gas
oil to enter inside the zeolite cavities and/or differences in
the extent of nickel sulfidation.
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One way to verify the hypothesis for diffusional limita-
tions is to evaluate the HDS activity with a smaller sulfur
compound such as thiophene. In Table 5 the intrinsic ac-
tivity values (per gram of Ni) for thiophene HDS are com-
pared with those for gas oil HDS. The ranking of the cata-
lysts for both thiophene and gas oil HDS is essentially the
same. Therefore, the observed differences in HDS activity
among the catalysts cannot be due to diffusional limitations
for the large sulfur compounds in the gas oil. The other fac-
tor, which may influence the HDS activity, is the degree of
nickel sulfidation. The XPS data show (Table 3) that nickel
sulfidation was incomplete and reached a different extent
for each catalyst. Thus, both NaOH-treated catalysts, when
compared with their nontreated counterparts, have a much
higher degree of nickel sulfidation (Table 3), which agrees
with their higher HDS activity (Fig. 5). The former catalysts
have lower nickel sulfide dispersion than the latter catalysts.
Obviously, the extent of nickel sulfidation is a factor that
more strongly influences the catalyst activity than does dis-
persion.

If, however, catalysts with a similar degree of nickel sul-
fidation are compared, i.e., Ni(1.17)Y versus Ni(3.94)Y
(~30% nickel sulfidation) and Ni(1.17)Y-CL versus
Ni(3.94)Y-CL (above 50% nickel sulfidation), it is obvious
that nickel sulfide dispersion becomes of critical importance
for HDS activity. In consequence, the HDS activity is de-
termined mainly by nickel sulfide phase dispersion at sim-
ilar extent of nickel sulfidation in the catalysts, but higher
extent of sulfidation (as for the NaOH-treated catalysts)
would prevail on the negative effect of lower dispersion.

Regarding HDN activity, comparison of Fig. 6 and Table 5
shows that most active catalysts have higher acid site den-
sity, and the NaOH-treated samples, which have lower acid
site density, are practically inactive. Thus, under the exper-
imental conditions used, catalyst acidity is the main factor
determining HDN activity. The fact that the Ni-free acidic
HNaY zeolite exhibited the highest HDN activity suggests
that N removal from pyridine in this case could be taking
place either by a direct hydrogenolysis enhanced by the
presence of H,S, or by an alternative hydrogenation by hy-
drogen transfer.

CONCLUSIONS

Low- and high-Ni-content exchanged zeolites and their
corresponding NaOH-treated samples were used as precur-
sors for preparation of NaY-supported nickel sulfide cata-
lysts. The NaOH treatment was aimed to improve the Ni
sulfide phase dispersion by stabilization of Ni** through
formation of NiO species in the zeolite supercages. It was
found that for low-Ni-exchanged NaY zeolite catalysts by
this approach, the extent of sulfidation and the gas oil HDS
activity were significantly increased. At high level of Ni%*
ion exchange the nickel dispersion of the sulfided catalyst
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is lower due to a migration of the nickel species outside the
zeolite pores, mostly during the calcination process. Thus
the phenomenon of migration and sintering was not pre-
vented by transforming the exchanged Ni?* ions into small
NiO clusters.

The gas oil HDS activity of the NaY-supported nickel
sulfide catalysts was determined by the nickel sulfide dis-
persion and the extent of nickel sulfidation. The activity of
the Ni(x)Y and Ni(x)Y-CL catalysts in pyridine HDN was
dominated largely by their acidity.
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