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Oxidic and reduced and passivated Al;O;-supported nickel cata-
lysts with loading up to 19.3 wt% were characterized by temp-
erature-programmed sulfiding (TPS), temperature-programmed
reduction (TPR), and X-ray photoelectron spectroscopy. The oxidic
catalyst precursors contain a highly disperse nickel species consist-
ing of either an oxidic core and a hydroxide outer layer or a hy-
droxide as a whole, dependent on the Ni loading. The crystallite
size of the active phase varies between 0.4 and 1.6 nm. This high
dispersion was maintained during sulfidation. From TPR and TPS,
it is inferred that no nickel aluminate is present. During reduction
and passivation the crystallite size increases to 1.3-2.5 nm. From
TPR of the oxidic catalyst it was concluded that the active phase
contained more oxygen than that corresponding to the stoichiom-
etry of NiO since an excess of hydrogen of 20-50% was consumed
for the removal of the reactive oxygen species.  © 2000 Academic Press
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INTRODUCTION

Alumina-supported nickel catalysts are extensively used
in various oleo- and petrochemical processes. These pro-
cesses include the de-aromatization of commercial sol-
vents and white oils, hydrogenation of pyrolysis gasoline
(“pygas”), olefins, edible oils, and aromatic compounds.

A new generation of hydrotreating catalysts has been
developed which combines a high specific nickel surface
area and a high reducibility, indicating a high dispersion
and a limited, but effective, metal-support interaction (1).
They are referred to as HTC catalysts.

The size and morphology of the active phase in the HTC
catalysts in the oxidic, reduced, and reduced and passivated
state have been determined previously by EXAFS analysis
of the higher shells around the Ni atoms (2). In that study
it was concluded that, in the oxidic state, Ni cations are
present in small NiO, rafts with predominantly the (111)
plane exposed to the gas phase. At low loading (<4.5 wt%
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Ni), the particles consist of one Ni layer whereas at higher
loading the active phase consists of two or three Ni layers.
The layer in contact with the Al,Os surface is affected by
the support surface and its structure is highly distorted, in-
dicating a strong metal-support interaction. In the reduced
state, a monodisperse system was observed, with a limited
interaction of the nickel with the support. The crystallites in
the reduced and passivated catalyst consist of a Nikernel of
20-40 metal atoms, covered by a single layer of nickel oxide.
For hemispherical particles this corresponds to particles of
about 1.6-1.9 nm, respectively.

A highly selective hydrogenation catalyst with limited
hydrogenation potential for the conversion of di-olefinic
hydrocarbons into mono-olefinic hydrocarbons can be ob-
tained by the partial sulfidation of the nickel (3, 4). This
partial sulfidation step is crucial to remove gum and resin
precursors in pygas gasoline, while maintaining a high oc-
tane number, for which mono-olefins and benzene deriva-
tives in the gasoline are required. In these partially sulfided
catalysts, the surface of the Ni particles is poisoned with
a limited amount of sulfur atoms, leading to the desired
selectivity. The local geometry of S on three low Miller
index faces in the outer layer of partial sulfided nickel
has been studied extensively with polarization-dependent
EXAFS (5-8). Dependent on the low-index surfaces, dif-
ferent high-symmetry adsorption sites for sulfur can be dis-
tinguished:

¢ Two-fold hollow sites on Ni(111)p(2 x 2)-S (5);
o Three-fold hollow sites on Ni(110)c(2 x 2)-S (6);
e Four-fold hollow sites on Ni(100)c(2 x 2)-S (7).

In the present study the sulfidation, carried out with
temperature-programmed sulfiding (TPS), is not used to
sulfide the nickel oxide precursor partially, but to get a fin-
gerprint of the chemical nature of the nickel species on the
catalysts.

Mangnus et al. (9) reported differences in the sulfida-
tion behavior of oxidic and reduced nickel catalysts. Their
main conclusion was that reduced nickel catalysts sulfide at
lower temperatures than their oxidic counterparts. This was
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rationalized by a relatively high dissociation rate of chem-
isorbed H»S on metallic nickel surfaces as compared to that
of their oxidic counterpart (9, 10). The sulfidation mecha-
nism of oxidic nickel catalysts by H»S occurs by O-S ex-
change, in accord with results of Arnoldy ef al. (11).

A problem which is usually encountered in y-ALOs-
supported nickel catalysts is that Ni aluminates are formed
due to the incorporation of nickel ions in the surface lay-
ers of the support during the impregnation step and/or
calcination of the catalysts (12-14). Even in the sulfida-
tion of y-Al,Os-supported nickel catalysts, migration of
the Ni species into the support may occur, thus forming
nickel aluminate (15). Although the aluminates reflect a
stabilizing effect on the nickel particulates, their occur-
rence is undesired since they are catalytically inactive and,
hence, decrease the efficient use of the valuable metal
(15, 16).

The present work describes the characterization of
oxidic and reduced and passivated nickel catalysts by
temperature-programmed reduction (TPR), temperature-
programmed sulfiding (TPS), and X-ray photoelectron
spectroscopy (XPS). As such, it is complementary to the
EXAFS analysis of Shido and co-workers (2). The objective
of the characterization is to obtain insight into the chemical
nature of the active phase and its crystallite size after var-
lous pretreatment conditions. The influence of reduction
and sulfidation on the dispersion of the active phase has
been investigated.

METHODS

Catalysts

All catalysts were supplied by Synetix and prepared by
pore volume impregnation of a transition alumina support,
followed by drying and calcination. Optionally, reduction
and passivation were applied. The HTC 100-500 series are
commercial samples whereas the catalysts containing 1.9
and 4.5 wt% nickel were prepared at the laboratory scale
for the quantitative XPS analysis of the catalysts. The nickel
content was determined by ICP-AAS.

The nickel surface area of the reduced catalyst was eval-
vated from static H,-chemisorption by extrapolation of the
amount of reversibly and irreversibly adsorbed H; to zero
pressure. The catalysts were reduced at 525 K in a pure
hydrogen stream for 2 h. The nickel surface area was cal-
culated, under the assumption that a single Ni(111) surface
atom chemisorbs one hydrogen atom and that one Ni atom
occupies 0.0645 nm? Table 1 summarizes the characteris-
tics of the oxidic (“Ox”) and the reduced and passivated
(“RP”) catalysts. The reduced catalysts were passivated in
anitrogen-diluted oxygen gas stream. To establish homoge-
neous sampling for all experiments and to avoid mass- and
heat-transfer limitations in the temperature-programmed

433

TABLE 1

Characteristics of the Catalysts Investigated

Ni BETS.A. SAN

(wt%) (m*g™") (m? gg)
HTC 1.9 Ox 1.9 118 170
HTC 4.5 Ox 45 124 193
HTC 100 Ox 8.0 130 161
HTC 200 Ox 132 126 146
HTC 400 Ox 153 125 165
HTC 500 Ox 19.3 138 167
HTC 100 RP 9.4 106 137
HTC 200 RP 13.0 126 157
HTC 400 RP 15.5 110 140
HTC 500 RP 19.0 117 141

Note. S.A. is the BET surface area as determined by
N, physisorption. S.A.n; is the nickel surface area based
on static hydrogen chemisorption.

reactions, the catalyst extrudates were crushed and sieved,
and the particle size fraction between 63 and 150 um was
used.

Temperature-Programmed Reduction and Sulfiding

The chemical nature of the oxidic and the RP samples
was studied by reduction and sulfidation in an atmospheric
plug-flow reactor. Depending on the metal loading, the
weight of the catalyst sample was varied between 50 and
100 mg. After introduction into the reactor, the catalyst was
purged with Ar for 0.5 h. Next, the gas flow was switched to
the reactant gas. After the system was stabilized, the sample
was heated at a rate of 0.167 K s~. For TPR, the reactant
gas consisted of 22 ymol of Hj s~'and 11 umol of Ars .
TPS was done in a flow of 0.8 pmol of H,S s7%, 7.0 pmol of
H; s}, and 20.2 umol of Ars~L

In the reactor effluent, H,S consumption/production was
monitored with an UV spectrometer tuned at 205 nm, while
the hydrogen consumption was monitored with a thermal
conductivity detector (TCD). The production of hydrocar-
bons, which can be attributed to the hydrogenation of car-
bonaceous deposits, was monitored with a flame ionization
detector (FID). A detailed description of the TPR and TPS
apparatus is given by Arnoldy er al. (11).

X-ray Photoelectron Spectroscopy

XPS spectra of the oxidic, the RP, and sulfided nickel cata-
lysts were measured in a Perkin—FElmer PHI 5400 ESCA
system equipped with a hemispherical analyzer. Mg K ra-
diation was used for sample excitation. Calibration of the
binding energies of the (Ni 2p3) emission line was done
by using the (Al 2p) line of the support at 74.2 ¢V as the
internal reference. In the quantitative analysis of the parti-
cle size, the intensity ratio (Ni 3s) and the (Al 2s) emission
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line was applied. The inelastic mean free path of the (Ni 3s)
electrons was evaluated from the XPS-cat program, kindly
supplied by Gijzeman (17).

The sulfided samples were prepared by sulfidation to
623 K in the gas mixture mentioned above, followed by cool-
ing to room temperature in a flow of the reactant mixture.

RESULTS

TPR

TPR profiles of the oxidic nickel catalysts are collected
in Fig. 1. The HT'C 100 and HTC 200 catalysts show a broad
hydrogen consumption between 500 and 850 K. The HTC
400 and the HTC 500 catalysts show an additional hydro-
gen consumption in the temperature region from 400 up to
500 K and a sharp hydrogen consumption at approximately
540 K. Both phenomena are less well developed in the TPR
profiles of the HTC 100 and HTC 200 catalysts. In the main
hydrogen consumption peak, all catalysts show two hydro-
gen consumptions, peaking at about 615 and 670 K. No
measurable hydrogen consumption is observed in the tem-
perature region from 1000 up to 1273 K.

The integrated hydrogen consumption data have been
quantified, collected in Table 2 and represent the amount
of reactive oxygen in the nickel oxide species. These results
clearly show that excess oxygen, which varies from 20 up to
50% is present in the oxidic nickel phase.

TPR profiles of the RP catalysts are collected in Fig. 2.
For all samples, the main hydrogen consumption occurs
in a well-defined peak with a maximum at 540-560 K. For
the HTC 100 and the HTC 200 catalysts an additional
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FIG. 1. TPRprofilesofthe oxidic catalysts. All profiles are normalized

to 100 mg of catalyst sample.
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TABLE 2

Results of the Quantitative TPR Analysis of the Oxidic
and Reduced and Passivated Ni/Al,O3; Catalysts

Reduction degree of
RP catalysts (%)*

H,/Ni (Ox)
Catalyst (mol/mol) TPR TGA
HTC 100 1.3 39 24
HTC 200 14 28 23
HTC 400 1.2 40 36
HTC 500 1.5 35 30

“Based on NiO stoichiometry.

hydrogen consumption, peaking at 675 K, can be observed.
The integrated hydrogen consumption has been quantified
and normalized to the nickel content of the various reduced
and passivated catalysts. In the evaluation and the calcu-
lation of the proportion of reduced nickel, defined as the
“reduction degree,” the stoichiometry of the nickel oxide in
the reduced and passivated catalyst is assumed to be NiO.
These data are summarized in Table 2 and show that the
reduction degree of the reduced and passivated catalysts is
in the range of 28-40%. This range is slightly higher than
the reduction degree of the HTC catalysts determined us-
ing TGA.

TPS

Figure 3 shows the TPS profiles of the oxidic nickel
catalysts. From quantitative TPS, which is possible since
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FIG.2. TPR profiles of the reduced and passivated nickel catalysts.
All TPR profiles are normalized to 100 mg of catalyst sample.
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FIG. 3. TPS profiles of the oxidic nickel catalysts (upper curve is the
UV signal which represents the H,S consumption/production; lower curve
is the TCD signal representing the H, consumption). All TPS profiles are
normalized to 100 mg of catalyst sample. The arrow indicates H, consump-
tion for the HT'C 400 and HT'C 500 simultaneously with H,S consumption.

sublimation of elemental sulfur from the samples was not
observed, the amount of sulfur consumed by the oxidic
nickel catalyst precursor can be determined in the various
stages of sulfidation. Table 3 summarizes these quantita-
tive data for the hydrogen and H,S uptake and production,
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normalized to 0.1 g of catalyst. The sulfur-to-nickel molar
ratios at 623 and 1273 K are also given in this table.

In the TPS profiles of all samples an H,S consumption
was observed during the isothermal stage at room tem-
perature (“region 17). After the start of the temperature
program, slightly above room temperature (“region 2”), a
small amount of H,S was produced without a simultane-
ously occurring hydrogen consumption.

In the temperature region from 350 up to 500 K (“re-
gion 3”), a major H,S consumption can be seen for all cata-
lysts. For the HTC 100 and HT'C 200 catalysts no significant
change in H, concentration is observed in this region. How-
ever, the HTC 400 and HTC 500 catalysts do show H; con-
sumption (indicated by an arrow) simultaneously with the
H>S consumption. At temperatures from 500 up to 600 K
(“region 47), all profiles show a simultaneous H, consump-
tion and H3S production (in stoichiometric amounts), which
increase with increasing metal loading. In the temperature
region from 700 up to 1000 K, all profiles also show a minor
H; consumption and H;S production at about 790 K. During
the isothermal sulfidation at 1273 K no H2S consumption
or production was observed.

XPS

Binding energy regimes containing the (Ni2pi») and
(Ni2psp) emission lines of the oxidic nickel catalyst are
presented in Fig. 4. The position of the (Ni2ps,) line varies
between 856.1 and 856.4 eV. For all catalysts, the (Ni2pis2)
emission lines are found at a 17.8-eV higher binding en-
ergy as compared to the (Ni2psp) line. For both (Ni2p15)
and the (Ni2psp) emission lines a shake up satellite can
be seen at about 6.2- and 6.0-eV higher binding energy
values, respectively.

Figure 5 shows the (Ni 3s)/(Al 2s) intensity ratios for the
oxidic catalysts and their sulfided counterparts as a func-
tion of the metal loading in the oxidic precursor. This figure
contains the data of two additional low-loading samples
containing only 1.9 and 4.5 wt% Ni. As can be seen, for the

TABLE 3

H;S and H, Consumptions and Productions in the Various Regimes® (1tmol/100 mg,¢) and the Corresponding
Sulfur-to-Nickel Ratios Obtained from the Quantitative TPS of the Oxides (mol/mol) (Positive Values Indicate
Production and Negative Values Consumption of H, and H,S)

Total uptake
i i i Regi K
Region 1 Region 2 Region 3 egion 4 (673 K) 1 S/Ni S/Ni
H HS H HS H HS H HS H LS (623K) (1273K)
HTC 100 —53 2 0 —132 0 49 0 —134 0.77 0.69
HTC 200 —-47 6 —6 —255 —47 39 —53 —257 0.72 0.65
HTC 400 —66 2 —16 —358 —80 70 -96 —352 0.81 0.74
HTC 500 —-102 31 —45 —446 -152 185 —-197 0.70 0.60

* The exact boundaries of the regimes differ slightly for the various catalysts since they are determined by the crossover

point of the signals and the baseline in the various plots.
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FIG. 4. XPS spectra of the (Ni 2p) emission lines of the oxidic catalyst.

three catalysts with the lowest nickel loading a linear corre-
lation exists between the (Ni3s)/(Al 2s) intensity ratio and
the Ni loading, suggesting an atomic dispersion for these
samples. At higher Ni loading the intensity ratio deviates
increasingly from the extrapolated straight line.

In Fig. 6 the (Ni3s)/(Al2s) intensity ratios of the RP
catalysts and their sulfided counterparts are plotted as a
function of the metal loading in the oxidic precursor. The
straight line that represents the correlation found for the
three oxidic catalysts with the lowest loading is also shown

0.8

in this figure. All ratios deviate increasingly from the linear
correlation with increasing nickel loading and deviate more
from it than the oxidic catalysts (Fig. 5).

DISCUSSION

The nature of the nickel phase can be inferred from the
XPS emission lines. Basically, one can expect NiO, Ni,Os, or
Ni(OH), to be present. Since the position of the (Ni 2ps)
line in the oxidic catalysts is found at 856.1-856.4 eV, the
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FIG. 5. XPS intensities ratio (Ni 35)/(Al 2s) of the oxidic catalyst and its sulfided counterpart as a function of the nickel loading; the straight line

is the best fit linear correlation at low metal loading of the oxidic precursor.



EFFECTS OF PRETREATMENT OF Ni/AL,O3; CATALYSTS

437

0.8

0.7 A

0.6 4

0.5 1

0.4 A

XPS intensity ratio (Ni/Al)

0.3 4

A RP nickel catalysts

# Sulfided nickel catalysts

A
0.2 + A
A % =
rs £
0.1 4 ]
0 T T T
0 5 10 15 20

Nickel content (wt%)

FIG. 6. The (Ni 3s)/(Al 2s) intensity ratio of the reduced and passivated catalyst precursor and its sulfided counterpart as a function of the nickel
loading. The straight line is the best fit linear correlation at low metal loading of the oxidic precursor.

presence of NiQO is highly unlikely because the (2ps,) emis-
sion line is located at 853.3 eV (18-23). Also, the shape of
the (2p32) line differs from that of NiO, and its distance from
the (2p1p) line, 17.8 eV, does not correspond to that of NiO
(18.4 eV). Hence, the nickel must be present as Ni,Os or as
a hydroxide. Since the binding energy of Ni,Os is found at
about the same value as that for Ni(OH), (19-21), its posi-
tion cannot be used to discriminate both options. However,
for all catalysts investigated, the shapes of the LsVV Auger
line observed at 411.6 eV and the L3z M3V Auger transition
at 480.6 eV show a strong similarity to that of Ni(OH), (20),
and the differences in kinetic energy between these Auger
peaks are 79.8 and 69.7 eV for Ni;O3 and Ni(OH),, respec-
tively, where the HTC catalysts show a AFj;, of ca. 69 eV.
This conclusion is in accordance with the literature, where
NiyO3is reported to be unstable under the conditions of rel-
evance (20, 21). The apparent controversy with the results
of Shido et al. (2), who conclude that the particles consist
of NiQy, may be understood as follows. At low loading, the
active phase consists of a single, (111)-oriented monolayer
of hydroxide. Due to the interaction with the support, the
Ni-Ni distances in this layer are slightly compressed to a
value very similar to that of NiO. At higher loading, multi-
layer growth of the active phase occurs. In such a case, the
first layer on the support could indeed be NiO, the outer
layer being a hydroxide, although it cannot be excluded
from the current results that the first layer also is a hydrox-
ide. Since, however, EXAFS indicates the presence of a
Ni-Ni(02) shell at about 0.417 nm, which is indicative of
the presence of NiQ, it is suggested that the core of the par-
ticle indeed consist of an oxide. This is in accordance with

the fact that XPS is a surface-sensitive technique, whereas
EXATFS analyzes the particulates as a whole. As it seems,
the relative contribution of the oxidic core of the particu-
lates is too small to be observed by XPS. Ni(OH); has the
CdI, structure consisting of hexagonal closed-packed oxy-
gen anions of which the (111) planes have a slightly larger
Ni-Ni distance (0.312 nm) as compared to that found by
Shido and co-workers for the oxide (0.296-0.300 nm). This
allows a gradual transformation between both structures
in the same particle. The fact that the nickel phase is a hy-
droxide and/or an oxide does not affect the quantitative hy-
drogen consumption in the TPR. For a bulk oxide, one H;
molecule would react with a single oxygen anion whereas
for abulk hydroxide one Hy molecule is needed to react with
two OH groups to produce two H,O molecules. Quantita-
tive TPR on the oxidic catalysts reveals that the amount of
reactive oxygen per nickel atom varies between 1.2 and 1.5,
depending on the nickel loading. The excess oxygen, 20—
50%, can be correlated for instance to OH groups bonded
on edge and corner Ni ions in the surface of the highly dis-
persed “oxidic” crystallites. EXAFS analysis on this series
of catalysts performed by Shido et al. (2) showed that all Ni
cations on the oxidic catalysts are surrounded by six oxygen
atoms, supporting our conclusion that there is an excess of
oxygen anions. -

The reduction degree of the RP catalysts, determined by
quantitative TPR, is around 30% (Table 2). This range is
comparable to that determined by TGA.

The XPS spectra of the RP catalysts are almost identi-
cal to those of the oxidic catalyst, which is also the case
for the sulfided RP and the sulfided oxidic catalysis. As
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can be expected, passivation leads to mild oxidation of the
outer surface of the metallic nickel crystallites, in accord and
with the EXAFS data of Shido ef al. (2). Apparently, the
contribution of metallic nickel in the XPS spectra is small
due toits attenuation by the oxidic surface layer, induction
by the oxide, and the relatively small amount of metallic
nickel present in the core of the particle, as can be expected
for the highly dispersed nickel. The kinetic energy of the
(Ni3s) line (1143 eV) corresponds to an inelastic mean free
path (1) of approximately 1.5nm (17). Consequently, the
influence of small amounts of surface contaminants on the
analysis of a sample can be neglected.

TPS of the oxidic nickel catalyst shows an H,S consump-
tion during isothermal sulfidation at room temperature for
all samples. Part of it is caused by sulfidation of the nickel
surface oxide and part can be attributed to adsorption by
the alumina. Although not clearly visible in the H,S traces,
slightly above room temperature an H,S desorption occurs
since no simultaneous H; consumption can be seen. This
observation has been made for all alumina-supported sys-
tems and for bare alumina (9, 13,24, 25). In the temperature
region from 350 to 500 K, all catalysts show a major H,S
consumption. For the HT'C 100 and 200 catalysts, no signif-
icant change in H, concentration is observed in this region,
leading to the conclusion that sulfidation into the thermo-
dynamically stable sulfide occurs through O-S exchange, as
proposed by Arnoldy et al. (11). In this mechanism, sulfida-
tion takes place by intermolecular proton transfer from the
S to the O. The HTC 400 and 500 catalysts show H, con-
sumption simultaneously with H,S consumption. This H
consumption can be correlated to the removal of a reactive
species like sulfur or oxygen.

In the temperature region from 500 up to 600 K, all TPS
profiles show H; consumption and H,S production in stoi-
chiometric amounts, which indicates the hydrogenation of
excess sulfur according to S + Hy — H,S. Apparently, ex-
cess sulfur, which is chemisorbed on coordinatively un-
saturated sites, is removed in the sulfidation mixture in
this temperature regime. Quantitative TPS shows that the
sulfur-to-nickel ratio at 623 K varies between 0.70 and 0.81,
indicating that for all catalysts NisS; is formed during sulfi-
dation up to 623 K.

In the temperature region from 700 to 1000 K, all TPS
profiles also show H; consumption and H,S production in
stoichiometric amounts, indicating the reduction of suifided
nickel species (Fig. 3). Since no significant H,S consump-
tion was observed above 1000 K, it is concluded that no
significant amounts of nickel aluminates are present.

TPR of the oxidic catalyst precursors reveals typical
properties of the catalysts. The profiles show a reduction
peak over a wide temperature range from 400 up to 850 K
(Fig. 1). Scheffer et al. (12) identified different nickel species
in an alumina-supported catalyst, based on the temperature
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range in which the species were reduced:

¢ up to 600 K: reduction of bulk nickel oxide;

e 600 K to 1000 K: reduction of disperse nickel oxide
interacting with the support;

e 1000 K to 1273 K: reduction of nickel aluminates.

For the HTC 400 and 500 catalysts the presence of small
amounts of a bulk oxide, that is, poorly dispersed NiO,
seem to be present, as can be inferred from the hydrogen
consumptions peaking at 520-540 K. The broad reduction
peak from 400 up to 850 K in the TPR profiles indicates the
presence of a highly dispersed nickel oxide. In this hydro-
gen consumption two distinct contributions can be seen,
the nature of which is not fully clear yet. Since for none
of the catalysts a hydrogen consumption is observed in the
temperature region from 1000 up to 1273 K, it is concluded
that nickel aluminates are not present in the catalysts in sig-
nificant amounts, in contrast to y-Al,Os-supported nickel
catalysts. This conclusion is supported by the TPS results
discussed above. The absence of aluminates is an important
feature of the studied catalysts since nickel aluminates are
catalytically inactive for the reactions of interest (15, 16).
It is suggested that the physical-chemical properties of the
#-Al,Os3 surface are responsible for this special interaction
between the nickel and the support (26). As it seems, the
surface of 0-Al,Os, which is formed by heat treatment of
y-Al,O3,isless reactive, thus preventing the formation of Ni
aluminate during the impregnation and/or calcination step.
This suggestion is supported by Bolt et al. (27) who studied
the formation of metal aluminate in transition metal oxides
on y-AlOs; and - Al;Os, which is formed by transition of -
Al>O3 via 8-Al,O3 during heat treatment. It was concluded
that the high grain boundary density of y-Al,Oj3 is a major
reason for its high reactivity toward aluminate formation,
as compared to a-Al,Os. The “defect spinel structure” of
y-Al,Os may also have a beneficial effect on the solid-state
reaction between the nickel oxide and y-Al;Os; it will
facilitate cations to enter the alumina lattice. Apparently,
the surface of #-Al,Os; contains a sufficient number of
optimized functional groups to bind the Ni particles, thus
preventing sintering of the active phase during severe
treatments. To accommodate the Ni oxide particles with
(111) surface planes, the structure of the support should
match the (111) plane. #-Al,O3 has a monoclinic structure
(28) and the (111) plane of oxygen is therefore likely to
match the nickel oxide (111) plane. The slightly larger O-O
distance of bulk nickel oxide (0.295 nm) or nickel hydroxide
(0.312 nm), can be accommodated with minor strain effects
and indicates a strong interaction with the support where
the O-O distance is only 0.270 nm (2). Both the absence of
aluminates and the presence of a highly dispersed nickel
oxide/hydroxide clearly show the efficient use of the active
nickel phase, making the catalysts industrially attractive.
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TABLE 4

The Average Crystallite Size ¢ in nm as Evaluated
from the Quantitative XPS

¢ (nm) ¢ (nm) ¢ (nm) ¢ (nm)
Ox sulfided Ox RP sulfided RP
HTC 100 — 0.4 1.3 23
HTC 200 0.6 13 22 3.6
HTC 400 04 0.5 2.5 32

HTC 500 1.6 0.8 21 3.6

Using the model of Kerkhof and Moulijn (29), the (Ni 3s)/
(Al12s) emission line intensity ratio shown in Figs. 5 and 6
can be used to make an estimate of the crystallite size. Fol-
lowing this model, the linear correlation found at a metal
loading up to about 8.0 wt% indicates an atomic dispersion
in this regime. This linear correlation can be extrapolated
to higher loading to normalize the observed (Ni3s)/(Al2s)
ratios at a higher nickel ioading. From this normalized in-
tensity ratio, the average particle size can be evaluated. The
calculated crystallite size for the oxidic, RP catalysts and
their sulfided counterparts are collected in Table 4 and pro-
jected in Fig. 7.

As can be seen, for the oxidic catalysts the crystallite size
varies from 0.4 to 1.6 nm. For the sulfided oxidic catalysts
about the same crystallite size is found as for their oxidic
counterparts. The small loss in dispersion can be attributed
to the difference in the chemical composition. After reduc-
tion and passivation of the catalyst, the average crystallite
size has increased to about 2.1-2.5 nm for all catalysts, ex-
cept for the HTC 100 where the average size is only 1.3 nm.
This observation stresses once more the special interaction
between the active phase and the support which apparently
results in a crystallite size which is essentially independent
of the metal loading and preceding history of treatments
for the catalysts under investigation. After sulfidation, the
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FIG.7. Crystallite size of the HTC catalysts as a function of Niloading
as evaluated from the quantitative XPS.
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FIG.8. Simplified models of nickel particles of the HTC catalysts.

average crystallite size of the RP catalysts slightly increases
again, up to about 3.2-3.6 nm, except again for the HTC
100 catalyst, which has a crystallite size of ca. 2.3 nm.
Figure 8 shows simplified models of the oxidic and RP
nickel particles on the Al,O, support. Itis suggested that RP
catalysts consist of a metallic nucleus and a hydroxide outer
layer, in agreement with quantitative EXAFS analysis (2).
The reason for the loss in dispersion upon sulfidation in
H,S/H; at 623 K for the RP catalysts is that besides O-S ex-
change (MeOx — MeS) also metallic nickel (Me — MeS)
is sulfided. As a consequence, its density decreases and its
crystallite size increases. Metallic Ni has a bulk density of
890¢g ml~!, whereas the produced NisS; has a bulk density
of 5.87 g ml™! (30). From the ratio of densities, the ratio of
volumes can be derived, leading to a ratio of the crystallite
radii when the particles are assumed spherical. Calculations
show that when a metallic nickel particle of 2.0 nm is sul-
fided, this will lead to a sulfidic particle of 3.7 nm, in good
agreement with the obtained results collected in Table 4.
Thus, the increase in particle size is caused by a change
in chemical composition rather than by migration of the
particles.

CONCLUSIONS

The oxidic catalysts contain a highly disperse nickel
species, which consist of a hydroxide up to a nickel loading
of about 13.2 wt% and of an oxidic core and a hydrox-
ide outer layer for higher Ni loading. The crystallite size
of the active phase varies between 0.4 and 1.6 nm. With
TPR, an excess of oxygen (O/Ni=1.2-1.5) is found. The RP
catalysts consist of a metallic nucleus and a hydroxide outer
layer. From quantitative XPS the crystallite size of the RP
catalysts is estimated to be in the range of 1.3-2.5 nm. In
contrast, the loss in surface area of the oxidic precursor
after sulfidation is relatively small and can be attributed to
the change in chemical composition rather than by sintering
effects. Clearly, the reduction and passivation procedure re-
sults in a relatively larger loss of dispersion. Both TPR and
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TPS show that no detectable amount of nickel aluminates
are present, which can be attributed to the low reactivity of
the 6-Al,O3 support as compared to y-Al,Os.

After sulfidation up to 673K, sulfur-to-nickel ratios
between 0.70 and 0.81 are found, which corresponds to
Ni3S,. Sulfidation of oxidic nickel catalysts takes place via
O-S exchange.

Both the absence of aluminates and the presence of a
highly disperse nickel oxide clearly show the efficient use
of the active nickel phase and the 6-Al,O3 support, resulting
in a crystallite size which is essentially independent of the
metal loading and preceding history of treatments for the
catalysts under investigation.
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