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The sulfidation behavior of alumina-supported Ni-W catalysts
was investigated by means of temperature-programmed sulfidation
(TPS), X-ray photoelectron spectroscopy (XPS), quick extended
X-ray absorption fine structure (QEXAFS), and X-ray absorp-
tion near-edge structure spectroscopy (XANES). Either ammonium
tetrathiotungstate or ammonium metatungstate was used as the
precursor of tungsten, and nickel nitrate was the source of nickel.
The effect of fluorination of the alumina support on the sulfida-
tion behavior of tungsten and nickel on these two series of cata-
lysts was studied as well. The sulfidation of the catalysts prepared
from ammonium metatungstate passes through W(VI) oxysulfide
intermediates. Fluorination of the alumina support aids the sulfi-
dation of tungsten and nickel at low temperature and promotes the
transformation of the W(VI) oxysulfide intermediates to WS,. Af-
ter sulfidation at 400°C and atmospheric pressure for 4 h, about
50% of tungsten and 60% of nickel in the catalysts prepared from
ammonium metatungstate were sulfided. EXAFS showed that am-
monium tetrathiotungstate supported on alumina decomposes to
oxidic tungsten during the second impregnation with nickel ni-
trate. Nevertherless, sulfidation of the catalysts prepared from am-
monium tetrathiotungstate is much easier. It also passes through
W(VI) oxysulfide intermediates, and fluorination aids the formation
WS,. In the sulfided catalysts prepared from ammonium tetrathio-
tungstate and nickel nitrate, 100% of tungsten and nickel is in
the sulfided state, but a small amount of tungsten is in a {WS3}
state, with fully sulfided W(V1), rather than in the WS; state. The
fluorine-containing catalyst contains a larger fraction of WS, than
the fluorine-free catalyst.  © 2001 Academic Press
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1. INTRODUCTION

Alumina-supported nickel-tungsten catalysts are well
known for their excellent hydrogenation activity (1-3) but
poor sulfidability (4-6). The former property makes them
attractive in the hydrotreating of heavy oil, in which cata-
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lysts with high activity for hydrodenitrogenation and hy-
drogenation of aromatics are required. The latter prop-
erty indicates a direction for the development of better
hydrotreating catalysts. To prepare better, fully sulfided Ni—
W catalysts, it is essential to understand the mechanism
of the sulfidation of alumina-supported Ni-W catalysts. A
systematic temperature-programmed sulfidation (TPS) in-
vestigation of alumina-supported Ni-W catalysts revealed
that sulfidation of Ni-W starts at room temperature and
continues until 1000°C, and that calcination of catalysts at
higher temperature makes the sulfidation more difficult (6).
Temperature-programmed reduction of sulfidic alumina-
supported Ni-W catalysts gave detailed information about
the sulfidability of various species in alumina-supported
nickel, tungsten, and Ni-W catalysts (7). Catalyst prepa-
ration parameters influence the sulfidation of the catalysts.
Reinhoudt et al. established a relationship between the cal-
cination temperature and the evolution of the active phase
in alumina-supported Ni-W catalysts during sulfidation by
applying high-resolution transmission electron microscopy
(HRTEM), TPS (8), FTIR(NO), and XPS (9). Kishan et al.
followed the state of nickel and tungsten during the TPS
of Ni-W model catalysts on planar SiO, films on silicon
substrates by X-ray photoelectron spectroscopy (XPS) and
found that chelating agents could retard the sulfidation of
nickel to atemperature where all tungsten had already been
sulfided (10).

Two catalyst preparation methods have been shown to
lead to catalysts with a higher degree of sulfidation. Incor-
poration of fluorine into an alumina support was found to
favor the formation of larger WS, particles upon sulfida-
tion (11, 12), and by using a thiosalt, instead of an oxysalt,
fully sulfided tungsten catalysts could be obtained (12—
14). Recently, we showed that catalysts prepared from the
tetrathiotungstate thiosalt had a much higher activity in hy-
drodenitrogenation reactions than catalysts prepared from
the metatungstate oxyanion (15). Combining TPS, XPS,
and quick extended X-ray absorption fine structure mea-
surements (QEXAFS), we studied the sulfidation behavior
of W/AI,Og3-F catalysts prepared from thiosalt and oxysalt
(14). Because of the importance of alumina-supported



SULFIDATION OF FLUORINE-PROMOTED NiW/AI,O3 CATALYSTS

Ni—W catalysts in industry, we extended our study of un-
promoted tungsten catalysts to the corresponding nickel-
promoted catalysts. The sulfidation behavior of nickel and
tungsten in alumina-supported Ni-W catalysts prepared
from thiosalt and oxysalt, as well as the effect of fluorine
on the sulfidation of nickel and tungsten, was studied by
means of TPS, XPS, QEXAFS, and X-ray absorption near-
edge structure (XANES).

2. EXPERIMENTAL

Catalyst Preparation

Catalysts were prepared by means of the incipient
wetness impregnation method. The preparation of the
tungsten-only catalysts was described before (14). The
fluorinated y-Al,O3 support (denoted as Al,O3—F) was
obtained by impregnation of the y-Al,O3 with an aqueous
solution of ammonium fluoride, followed by drying at
120°C for 4 h and calcination at 500°C for 4 h. The
WO3/Al,03 and WO3/Al,Os—F catalysts were obtained by
impregnating the y-Al,03 and Al,Os—F with an aqueous
solution of ammonium metatungstate followed by drying at
120°C for 4 h Calcination at 500°C for 4 h. The ATT/Al,O3
and ATT/AI,O3-F catalysts were obtained by impregnat-
ing the y-Al,O3 and Al,O3—F supports with a solution
of ammonium tetrathiotungstate ((NH.);WS4, ATT) in
N,N-dimethylformamide to increase the solubility of ATT,
followed by drying at room temperature in a vacuum des-
iccator. The nickel-promoted catalysts were prepared by
impregnating the WO3/Al,03, WO3/Al,Os-F, ATT/AILO3,
and ATT/Al,Os—F catalysts with a 0.3 M aqueous solution
of Ni(NO3),-6H,O (Aldrich). After impregnation, the
Ni-WO3/Al,O3 and Ni-WO3/Al,Os—F were dried at 120°C
for 4 h and calcined at 500°C for 4 h. The Ni-ATT/Al,O3
and Ni-ATT/Al,Os-F were dried and kept in a vacuum
desiccator at room temperature. The loading of tungsten
and nickel was 10 and 1 wt%, respectively, in all catalysts,
and the content of fluorine in the fluorinated catalysts was
1 wt%.

TPS Measurements

The procedure for the TPS measurements of nickel-
promoted tungsten catalysts was the same as that for the un-
promoted tungsten-only catalysts (14). The catalysts were
sulfided in a quartz reactor with a mixture of H,S, H,, and
Ar (3, 25, 72 vol%, respectively) at a total flow rate of
0.12 mol/h. After 0.5 h at room temperature, the samples
were heated to 400°C (10°C/min) and kept at this temper-
ature for 4 h. Thereafter, the temperature was increased to
1000°C (10°C/min), and kept at this temperature for 1 h to
complete the sulfidation. The changes in the concentrations
of H, and H,S were recorded with a thermal conductivity
detector and a UV detector, respectively.
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XPS Measurements

Before the XPS measurements, 0.15 g of catalyst was
first sulfided in a quartz reactor. After the sample was
flushed with N (99.999%) for 10 min at room temperature,
the gas flow was switched to a 10 mol% H,S/H; mixture
(50 N cm®min), and the sample was heated from room
temperature to 400°C at a rate of 5°C/min. The sample was
kept in the H,S/H; flow at 400°C for 4 h. Then the sam-
ple was cooled below 100°C and the gas flow switched to
50 N cm?®/min N3 (99.999%). The sample was keptin the flow
of Ny until it cooled down to room temperature, then the
inlet and the outlet of the reactor were closed. The reactor
was opened in a glovebox (O, < 10 ppm) and samples were
ground and pressed onto a stainless steel sample holder. A
few drops of n-octane (Fluka, purity > 99.5, H,O < 0.02%0)
were added on top of the sample. Then the sample holder
was put into a plastic bottle and the bottle was closed in the
glovebox. When the holder was mounted on the XPS ma-
chine the octane layer protected the sample from exposure
to air.

XPS spectrawere recorded onaLeybold Heraeus LHS11
apparatus (14). Spectrawere recorded at a constant pass en-
ergy of 31.5 (W) and 63 eV (Ni). The Al(2p) line of Al,O3 at
74.7eV (16) was used as internal standard to compensate for
sample charging. The background was subtracted according
to Shirley (17), and quantification was performed using the
sensitivity factors reported by Wagner et al. (18). The weak
W(5p3,2) line of W(IV) overlaps with the W(4fs,;) line of
W(VI). This was accounted for by considering a W(5p3,2)
lineinthefitat6 eV higher binding energy than the W(4f7,2)
line with an intensity of 6% of the latter. The Ni(2ps/2)
spectrum was used to quantify nickel in sulfidic and oxidic
surrounding. Single mixed Gaussian-Lorentzian functions
were used for nickel in sulfidic and oxidic environment and
for the shake-up lines.

QEXAFS and XANES

The QEXAFS and XANES measurements were car-
ried out at the X1 (ROMO I1) beam line of HASYLAB
(Hamburg, Germany) (19, 20). The experimental proce-
dure was the same as that for QEXAFS of the unpromoted
tungsten catalysts (14). After collecting the spectra of the
original samples in He atmosphere, the samples were sul-
fided in situ during data collection. A 60 ml/min stream of
10% H,S in H; flowed through the cell while the sample
was heated to 400°C at a rate of 3°C/min. The sample was
then kept at 400°C for 30 min. Each scan took 6 min, which
corresponded to a temperature interval of about 18°C
during the temperature ramp. The XDAP program (ver-
sion 2.2.2) was used to analyze and process the data (21).
The pre-edge background was approximated by a modified
Victoreen function, and the background was subtracted us-
ing a cubic spline routine. The spectra were normalized by
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the edge jump. The k-weighted EXAFS functions were
Fourier-transformed.

In the case of nickel, the spectra around the edge jump
were fitted by a linear function of the measured oxidic and
sulfided samples in order to estimate the fraction of sulfided
nickel obtained at various sulfidation temperatures, using

XANES observed = f; - (XANES of oxidic state)
+ f - (XANES of sulfided state),

where f; and f; are the fractions of the oxidic and sulfided
states, respectively. Both f; and f, were treated as free pa-
rameters in this analysis. The reference for the oxidic state
was the fresh Ni-WO3/Al,O3 sample, whereas the reference
for the sulfided state was the Ni-ATT/Al,O3—F sample sul-
fided at 400°C (30 min).

3. RESULTS

TPS Measurements

Figure 1 shows TPS patterns of the Ni-WO3/Al;O3,
Ni—WO3/A|203—F, Ni—ATT/AIZOS, and Ni—ATT/A|203 -F
catalysts. For each catalyst, the lower signal represents the
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FIG. 1. TPS patterns of the Ni-WO3/Al,03, Ni-WO3/Al,03-F, Ni-
ATT/AI,O3, and Ni-ATT/Al,O3-F catalysts with isothermal sulfidation at
400°C. The temperature program is indicated by the dashed line. Upper
signal represents H,S consumption (negative peak) and the lower signal
the H, consumption.
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TABLE 1

Consumption of H,S and H; in TPS Measurements
(mol/mol Ni + W)

400°C 400°C
SISl H,S SHt Hli H; HII
Ni-WO3/Al,05 023 016 058 071 017 021 0.46
Ni-WO3/AlL,Os-F 027 021 053 067 019 020 045
Ni-ATT/Al,O3 —0.30 0.29
Ni-ATT/AlL,O5-F —-0.17 0.16

change in the H, concentration of the effluent stream of
the reactor and the upper signal the change in the H,S sig-
nal. Negative peaks correspond to consumption and posi-
tive peaks to production of either H,S or H,. At the begin-
ning of the temperature program, a small positive H,S peak
was recorded for the Ni-WQO3/Al,O3 and Ni-WO3/Al,O3—
F catalysts, which is due to desorption of adsorbed H,S
(6, 8, 14, 22). During the course of sulfidation, three H,S
consumption peaks (peaks S1, S 11, and S 111) and two H;
consumption peaks (peaks H 1 and H Il) were recorded.
The three vertical lines in Fig. 1 indicate the maxima of the
S 1, S I1,and S 11 peaks for the Ni-WO3/Al,O3 catalyst. The
amounts of the H,S and H; that are consumed in the cor-
responding temperature ranges were calculated from the
areas of the peaks. These results are given in Table 1. The
standard deviations for the calculations of H,S and H, con-
sumption are ca. 10% (22). The amounts of the consumed
H,S and H; are normalized per mol of metal (nickel plus
tungsten). The first H,S consumption peak had no corre-
sponding H, consumption, while the first H, consumption
maximum corresponded to a minimum of H,S consump-
tion. Corresponding to the second H,S consumption peak,
a shoulder on the first H, consumption peak was recorded.

During the isothermal sulfidation at 400°C, the sulfida-
tion of the catalysts proceeded so slowly that hardly any
change in the H,S and H; concentrations was recorded, and
it was impossible to calculate directly how much H,S and
H, was consumed during this period. However, it is possible
to estimate the amounts of H,S and H, consumed during
isothermal sulfidation from the amounts of H,S and H; con-
sumed during the other periods. Tungsten atoms are present
on the supportas WS, when they are fully sulfided (6-12, 14,
23). Even though the precise location of the nickel atoms at
the WS, edge (24, 25) and their coordination by sulfur atoms
in the sulfided (400°C) catalysts is still in debate, there is no
doubt that nickel exists as NisS; in a sulfidic atmosphere
at high temperature (1000°C) (6, 7, 26). Sulfidation of one
mole of nickel and tungsten (1 wt% nickel, 10 wt% tung-
sten) to Ni3S,—WS, will then consume 1.68 moles of H,S and
0.84 mole of H,. By subtractingthe S1 + S1I 4+ Sl1ll and
H1 + H Il consumptions from these values, the amounts
of H,S and H; consumed during the 400°C isothermal
sulfidation can be calculated. The accuracy for such an
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estimation of H,S and H;, consumption should be in the
same magnitude as those obtained during increasing tem-
perature. The results are given in Table 1.

After 4 hisothermal sulfidation at 400°C, further increase
of the temperature resulted in a continuous consumption
of H, and H,S until 850°C. Prior to the consumption of H,S,
the production of asmall amount of H,S was observed upon
increasing the temperature. This part of H,S was taken into
account in the calculation of H,S consumption between 400
and 850°C (S ).

Upon increasing the temperature at the beginning of
the TPS measurements of the Ni-ATT/AlLO3; and Ni-
ATT/Al,Os—F catalysts, a large amount of H,S (out of
recording range), accompanied by the consumption of a
large amount of H,, was formed due to the decomposi-
tion of ammonium tetrathiotungstate. Both the H,S and the
H, signal returned to the base line after 3 h of isothermal
treatment at 400°C. When the temperature was further in-
creased, a small amount of H,S was produced, as in the case
for the Ni-WOj; catalysts. A broad H, consumption peak
between 400 and 900°C was recorded for both Ni-ATT cata-
lysts (H 11, Table 2), but no corresponding H,S consumption
was observed. However, at 1000°C a H,S production was
recorded for both catalysts. The amounts of the produced
H,S were 0.30 and 0.17 mol per mole of nickel plus tung-
sten for the Ni-ATT/Al,O3 and Ni-ATT/Al,Os-F catalysts,
respectively.

XPS

Table 2 gives the fluorine, sulfur, tungsten, and nickel
surface concentrations relative to aluminium of the in-
vestigated catalysts as determined by XPS. The theoret-
ical values for the W/AI and Ni/Al ratios, in case tung-
sten and nickel are highly and homogeneously dispersed
on the Al,O3 surface, are equal to 0.031 and 0.010, respec-
tively. The Ni/Al ratios for all four catalysts were close to
0.010, while the W/AI ratios for the Ni-WO3/Al,O3 and
Ni-WO3/Al,O3-F catalysts were also close to the theoret-
ical W/AI value. For the Ni-ATT samples, the W/AI ratios
were about 2/3 that of the Ni-WO3 samples and of the theo-
retical value. The lower W/AI ratio in the Ni-ATT catalysts

TABLE 2
XPS Results of Sulfided Catalysts (400°C, 4 h)

Ni—ATT/ Ni-ATT/ Ni-WOy/ Ni-WO3/
Al,O; Al,Os—F Al,O; AlLOs—F

FIAI — 0.096 — 0.078
SIAI 0.051 0.049 0.048 0.047
WIAI 0.017 0.020 0.029 0.030
Ni/Al 0.011 0.011 0.011 0.011
Wout/Wio 0.75 0.81 0.44 0.42
Nisuir/Nito 0.91 091 0.72 0.68
SI(Ni+ W) 1.8 16 1.2 1.2
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FIG.2. W 4f XPS of the Ni-ATT/Al,O3, Ni-ATT/Al,O3-F, Ni—
WO3/Al,03, and Ni-WO3/Al,O3-F catalysts sulfided at 400°C and atmo-
spheric pressure for 4 h with 10% H,S in H,.

(Table 2) is due to the poorer dispersion of tungsten. The
S/Al ratio was roughly the same for all samples. The S 2p3»
binding energy was close to 162.2 eV for all samples, indicat-
ing sulfur with a formal charge of -2 (16). The F 1s binding
energy in the fluorinated samples was 685.6 eV, typical for
F~ on alumina (27).

The W 4f XP spectra shown in Fig. 2 consist of two over-
lapping doublets arising from the 4f;,, and 4fs;, lines of
W(IV) and W(VI). Deconvolution resulted in a 4f7/, bind-
ing energy for W(IV) and W(VI) of 32.3 and 35.8 eV,
characteristic of tungsten sulfide (WS;) and tungsten ox-
ide (WO3), respectively (16). The individual peaks had
a FWHM of 2.0 to 2.2 eV. The degree of sulfidation of
tungsten (Wi Wit = W(IV)/(W(IV) + W(VI)), as deter-
mined from the fit and given in Table 2, was considerably
higher for the Ni-ATT (75-81%b) than for the Ni-WO3; cata-
lysts (42—-449%). Fluorine only had a small effect on the de-
gree of sulfidation.

The ratio of S/(W + Ni) for the fully sulfided catalyst is
1.76 if we assume that it only contains WS, and NiS af-
ter sulfidation at 400°C. Therefore, the extent of sulfida-
tion of nickel and tungsten can also be estimated by the
ratio of the measured value (Table 2) to the theoretical
value of S/(W + Ni) ratio, being 1.0, 0.90, 0.68, and 0.65
for Ni-ATT/Al,O3, Ni-ATT/Al,O3-F, Ni-WO3/Al,O3, and



262

Ni-ATT/ALO,

—_

[72]

=

c Ni-ATT/AlLOzF

)

—e‘ LA N

©

N

2 .

5 Ni-WO4/Al,O4

c

(&}

R '}

£ Y
Ni-WO4/AL,O,4F
865 860 855 850

Binding Energy (eV)
FIG.3. Ni 2p XPS of the Ni-ATT/Al,O3, Ni-ATT/Al,O3-F, Ni-

WO3/Al,03, and Ni-WO3/Al,O3—F catalysts sulfided at 400°C and atmo-
spheric pressure for 4 h with 10% H,S in Ha.

Ni-WO3/Al,OsF, respectively. This ratio has a similar trend
as the ratio of W /Wy, indicating that the concentration of
the sulfur on the surface is related the extents of sulfidation
of tungsten and nickel.

Also, the Ni 2p3/, spectra shown in Fig. 3 exhibited size-
able differences between the Ni-ATT and Ni-WO3; sam-
ples. The deconvolution yielded peaks with FWHM of 2.8
to 2.9 eV at 853.8 and 856.6 eV. The binding energy of the
first peak is indicative for nickel sulfide (4, 16, 27). The peak
at 856.6 eV indicates Ni,O3 or NiAl,O4 but is not compat-
ible with NiO, which exhibits a significantly lower Ni 2p3/»
binding energy (4). A characteristic feature of the Ni 2p
spectrum is the shake-up satellite at 862-863 eV (Fig. 3),
which has been assigned to a charge transfer transition (28).
The intensity of the shake-up satellite depends on the coor-
dination of nickel. The satellite is more intense for NiO than
for Ni,O3 or NiAl,O4, which have nearly indistinguishable
Ni 2p3/> spectra (4). The relative intensities of the peak at
856.6 eV and the satellite (Fig. 3) are again compatible with
Ni,O3 or NiAl,O4 but not with NiO.

The degree of sulfidation of nickel is expressed as the
fraction of nickel sulfide out of total nickel (Nigy/Nit)
(Table 2). The nickel in the Ni-ATT samples was almost
completely sulfided (91%), whereas for the nickel in the

SUN ET AL.

Ni—-WOg3 catalysts the sulfidation degree was around 70%.
Fluorine had no significant effect on the degree of sulfida-
tion of nickel in the Ni-ATT catalysts, whereas a slightly
lower sulfidation degree of nickel in the Ni-WO3/Al,O3-F
sample than in the Ni-WO3/Al,O3 sample was observed.

QEXAFS

Figures 4 and 5 present the Fourier-transformed x (k) - k®
W L, -edge QEXAFS spectra of the Ni-WO3/Al,O3 and
Ni-WO3/Al,O3-F catalysts, respectively. In each case, the
first spectrum was collected for the fresh sample, and the
other spectra were obtained during sulfidation. The num-
bers next to the spectra denote the average temperatures
during scans. The first spectrum has only one pronounced
signal at 1.3 A (not phase-corrected), due to a W-O conttri-
bution. This signal remains even after sulfidation at 400°C
for 30 min (the last spectrum) for both Ni-WO3/Al,O3 and
Ni-WO3/Al,O3—F catalysts. A signal at 2.0 A (not phase-
corrected) becomes significant upon sulfidation at 370 and
340°C for the Ni-WO3/Al,O3 and Ni-WO3/Al,Os—F cata-
lysts, respectively. This peak is at the same distance as in
WS, (23), and its appearance indicates the formation of
WS;. In addition to the W-O and the WS; signals, a signal
is observed at 1.8 A (not phase—corrected). It appears below
100°C and increases in intensity with sulfidation tempera-
ture until around 300°C and then decreases at higher sul-
fidation temperatures. This peak is at the same position as
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FIG. 4. Fourier transforms of the W L, edge k3-weighted QEXAFS
functions measured during the sulfidation of the Ni-WO3/Al,O3 catalyst.
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FIG.5. Fourier transforms of the W L;;, edge k®-weighted QEX-

AFS functions measured during the sulfidation of the Ni-WO3/Al,O3-F
catalyst.

the peak observed in the spectrum of the fresh ATT/Al,O3
catalyst (14) and was attributed to sulfur atoms in the first
coordination sphere of W(VI). This reveals that the sul-
fidation of tungsten in nickel-promoted tungsten catalysts
to WS; passes through the same intermediates, containing
W(V1) and sulfur, as in the unpromoted tungsten-only cata-
lysts (14). For the Ni-WOQO3/Al,O3-F catalyst, the intermedi-
ate signal (at 1.8 A, not phase-corrected) is not as significant
as in the spectra of the Ni-WO3/Al,Oj3 catalyst and it is not
detectable after sulfidation at 400°C. The intermediate still
remains after sulfidation at 400°C for the Ni-WQO3/Al,O3
catalyst, however. After sulfidation at 400°C, the WS, signal
for the Ni-WOa3/Al,Os—F catalyst is much stronger than that
for the Ni-WO3/Al,O3 catalyst, meaning that fluorine aids
the transformation of the intermediate to the WS, phase.
Figures 6 and 7 show the Fourier-transformed x (k) - k*
W L, ;-edge QEXAFS spectra of the Ni-ATT/Al,O3 and
Ni—ATT/Al,Os—F catalysts, respectively. The first spectrum,
which was collected for the fresh sample, shows that the
tungsten atoms in the Ni-ATT catalysts are mainly coor-
dinated by oxygen atoms (peak at 1.3 A), and that only
a small amount of sulfur atoms remained coordinated to
tungsten (small peak at 1.8 A), in contrast to the unpro-
moted ATT catalysts (14). This means that most of the
sulfur atoms surrounding the tungsten atoms in the ATT
catalysts were replaced by oxygen atoms during the im-
pregnation of the ATT catalysts with the aqueous solu-
tion of nickel nitrate. Nevertheless, the resulting tungsten
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FIG. 6. Fourier transforms of the W L,;; edge k3-weighted QEXAFS
functions measured during the sulfidation of the Ni-ATT/Al,O3 catalyst.

oxide species can be fully sulfided at 400°C. In addition
to the signals at 1.3 and 1.8 A, the QEXAFS spectra of
the fresh Ni-ATT/Al,O3 and Ni-ATT/Al,Os-F samples
also show a signal at about 3.1 A, which was not observed
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FIG.7. Fourier transforms of the W L,;; edge k3-weighted QEXAFS
functions measured during the sulfidation of the Ni-ATT/Al,Os-F
catalyst.
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for the Ni-WO3; samples. This signal is attributed to a W-W
coordination as in polytungstate. This polytungstate may
be formed during the impregnation of ATT/Al,O3 with the
nickel nitrate solution (see Discussion).

In the progress of transformation of the tungsten ox-
ide species to the WS, phase, the 1.8 A peak increased in
intensity indicating that an intermediate was formed that
has the same W-S distance as ATT and as the intermedi-
ate observed during the sulfidation of the Ni-WQO3; cata-
lysts. The intermediate signal is stronger in the spectra
for the Ni-ATT/Al,O3 catalyst than in the spectra for the
Ni—-ATT/Al,O3s-F catalyst, and the WS; signal is stronger
and became significant at a lower temperature for the Ni—
ATT/AIL,Os-F catalyst than for the Ni-ATT/Al,O3 cata-
lyst. This result again indicates that fluorine favors the for-
mation of the WS, phase. In the spectra of the sulfided
Ni-ATT catalysts, W-W contributions (around 3.2 A, not
phase-corrected) are observed as well, which is not the case
for the Ni-WOj3 catalysts, indicating that the WS; structure
is better developed in the sulfided Ni-ATT catalysts.

There is no significant change in the Fourier-transformed
x(K)-k® Ni K-edge QEXAFS spectra collected during
the sulfidation of the catalysts (not shown). It is difficult
to distinguish the nickel sulfide and oxide environments.
However, it is easy to distinguish the corresponding Ni
K-edge XANES spectra (29). Figure 8 shows the Ni K-edge
XANES spectra of the Ni-WO3/Al,0O3 and Ni-ATT/Al;O3
catalysts recorded before and after their sulfidation. All
spectra of compounds with a not completely filled 3d band
show a pre-edge feature due to a 1s to 3d transition. This
feature varies with the number of d vacancies and symmetry
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FIG.8. XANES spectra at the Ni K edge for the Ni-WO3/Al,O3 and
Ni-ATT/Al,Oj3 catalysts before and after sulfidation.
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FIG.9. XANES spectra at the Ni K edge measured during the sulfi-
dation of the Ni-WO4/Al,O; catalyst.

of the absorbing atom site (30). The spectrum for the oxidic
Ni-WO3/Al,O3 catalyst shows the characteristic NiO pre-
edge feature (29, 30). The large white line for the oxidic Ni—
WO3/Al,O3 catalyst at about 8347 eV is due to the presence
of oxygen in the first coordination sphere of nickel. When
all the oxygen atoms are replaced by sulfur atoms the white
line disappears due to the nonionic character of the Ni-S
bond (29, 31, 32). Therefore, the disappearance of the white
line on the spectrum for the 400°C sulfided Ni-ATT/Al,O3
is a good indication of the complete replacement of oxygen
atoms around nickel by sulfur atoms. The edge positions
for the 400°C sulfided Ni-WO3/Al,O; and the fresh
Ni—-ATT/Al,O3 catalysts are between those of the oxidic
Ni-WO3/Al,O3 and the sulfided Ni-ATT/AlLO3; cata-
lysts, which suggests the coexistence of oxidic and sulfidic
nickel in the 400°C sulfided Ni-WQO3/Al,O3 and the fresh
Ni-ATT/Al,O3 catalysts.

Figures 9 and 10 present a series of Ni K-edge XANES
spectra measured during the sulfidation of the Ni-WO3/
Al,O3 and NIi-ATT/Al,O3 catalysts, respectively, to ex-
hibit the progress of the sulfidation of nickel in these
catalysts. The Ni K-edge XANES spectra for the Ni-
WO3/Al,O3-F and Ni-ATT/AlL,O3—F (not shown) were
similar to their fluorine-free counterparts. In order to quan-
tify the sulfidation degree of nickel at various stages of
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FIG.10. XANES spectra at the Ni K edge measured during the sulfi-
dation of the Ni-ATT/Al,O; catalyst.

sulfidation, all XANES spectra were simulated by tak-
ing the oxidic Ni-WOs3/Al,O3 sample and the sulfided
Ni—ATT/Al,O3—F sample (400°C, 30 min) as the references
for the oxidic and sulfided states, respectively. The results
(Fig. 11) show that 45 and 67% of the nickel in the fresh Ni-
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FIG. 11. Sulfidation profile of nickel in different catalysts, according

to the XANES measurements.
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ATT/AI,O3 and Ni-ATT/Al,Os-F catalysts, respectively,
had already been in the sulfided state, and that only
about 60% of the nickel atoms in the Ni-WOQO3/Al,O3 and
Ni-WO3/Al,O3-F catalystswere sulfided after sulfidation at
400°C. The sulfidation degree of nickel in the Ni-ATT cata-
lysts after sulfidation at 100 to 200°C was even higher than
100%. It was also found that the fluorine-containing cata-
lysts have a higher sulfidation degree than their fluorine-
free counterparts when the sulfidation temperature is be-
low 200°C.

4. DISCUSSION

The Catalysts Prepared from Oxysalt

The QEXAFS measurements show that part of the oxy-
gen atoms surrounding the tungsten atoms in the Ni-WO3;
catalysts are already replaced by sulfur atoms below 100°C,
and that the intermediate signal at 1.8 A increases in in-
tensity until 300°C (Figs. 4 and 5). The TPS results in
Fig. 1 show that the first H,S consumption peak at 200°C
does not have a corresponding consumption peak of H.
These results indicate that the replacement of oxygen by
sulfur without reduction of tungsten is the dominant process
below 300°C. Concerning the structure of the intermedi-
ates of sulfidation of tungsten, the QEXAFS measurements
(Figs. 4 and 5) suggest that the intermediate, which ap-
peared upon sulfidation below 100°C and decreased above
300°C, contains W=S contributions as in ATT. The present
results do not allow to infer further details about the struc-
ture of the intermediate. A laser Raman spectroscopy study
(33) showed that, after mild sulfidation at 227°C, the spec-
tra of intermediates were similar to the spectrum of WS;
and contained a band at 540 cm~, which was assigned to
S5~ species.

At higher temperatures, the WS; signal increases at the
expense of the signal of the intermediates (Figs. 4, 5). A
shoulder on the first H, consumption peak is coupled with
the second H,S consumption peak at 400°C (Fig. 1). This
means that the transformation of the WO3_,Sx intermedi-
ates to WS, becomes significant above 300°C. Sulfidation
of WO3/Al,O3 is a stepwise process (14); first, high oxida-
tion state tungsten oxysulfides are formed, and then they
are reduced to WS, at higher temperature. The stepwise
sulfidation of tungsten in the catalysts can be expressed as

{WOs} + XH3S — {WO3_4xSx} 4+ xH,0 [1]

{WO3_xSx} + Ho+ (2—X)H2S — {WS,} + (3—x)H20. [2]

We write {WQ3} to indicate thatan oxidic W(VI) compound
is sulfided, but that this compound does not necessarily con-
sist of WO3. It may as well consist of isolated tetrahedral
tungstate oxyanions, as in Al(WQO,)3. In the same way, we
write {WO3_,S«} to indicate that (most probably) a W(VI)
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oxysulfide compound is formed by oxygen-sulfur exchange.
The final {WS3} does not have to be the WSs structure
(34), however. Analogously, {WS;} denotes a fully sulfided
W(IV) compound which may have, but does not have to
have, the WS, structure. Reaction [1] is dominant at low
temperature (below 300°C), and at high temperature both
reactions occur simultaneously.

Compared with the unpromoted WO3/Al,O3 catalysts
(14), the Ni-WO3/Al,O3 catalysts consumed much more
H,S at low temperature (20 to 340°C, corresponding to the
first H,S consumption peak, see below). Simulation of the
Ni K-edge XANES shows that about 49% of the nickel
atoms in the Ni-WO3 catalysts is sulfided at 340°C (Fig. 11).
Thermodynamic data for nickel sulfides provided by
Rosenqvist (26) indicate that NiS;,« is the stable state in
10% H,S/H, below 390°C. TPS of bulk NiO showed a
H,S/Ni=1 consumption (no accompanying H, consump-
tion) that corresponded to the formation of stoichiometric
NiS at 180°C (6). The sulfidation of nickel oxide at low tem-
perature can therefore be expressed as

(NiO} + H,S — {NiS} + H,0. [3]

Like in the case for tungsten, {NiO} denotes nickel ions in
an oxidic environment in the oxidic Ni-WO3 catalysts and
{NiS} denotes sulfided nickel that is formed during sulfi-
dation at low temperature. They do not have to have the
structure of NiO and NiS, respectively.

One mole of metal (nickel and tungsten) in our cata-
lysts, with a loading of 1 wt% nickel and 10 wt% tung-
sten, contains 0.24 mol of nickel. Hence, sulfidation of 49%
of nickel will consume 0.12 mol of H,S. The remaining
0.11 mol of HyS for the Ni-WO3/Al,O3 catalyst, and
0.15 mol of H,S for the Ni-WO3/Al,O3-F catalyst (cf. S I in
Table 1) must have been consumed by 0.76 mol of tungsten
at low temperature. Fluorine aids the sulfidation of tung-
sten at low temperature. About half of the H,S consump-
tion in this temperature range is due to the sulfidation of
nickel, even though nickel only makes up 24 mol% of the
total amount of metal (nickel plus tungsten). This means
that nickel is easier to sulfide than tungsten. Sulfidation of
the WO3/Al,03 and WO3/Al,Os—F catalysts consumed 0.10
and 0.12 mol H,S per 0.76 mol of tungsten, respectively, in
the same temperature range (14). The tungsten atoms in
the nickel-tungsten catalysts consume slightly more H,S
in this temperature range than those in the tungsten-only
catalysts, which means that nickel facilitates the sulfidation
of tungsten.

Between the first two H,S consumption peaks was a min-
imum in the H,S consumption, which was accompanied by
a consumption of H,. The same phenomenon was also ob-
served during the TPS of MoO3/Al,O3 and ascribed to the
hydrogenation of elemental sulfur (22). In a study of the
basic steps in the sulfidation of crystalline MoOj3 to MoS,,
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Weber et al. found that intermediate oxysulfides were
formed between room temperature and 200°C, and that
the oxysulfides were further converted to MoS; between
200 and 400°C (35). During this process S, ligands formed
at low temperature were released at high temperature as
H,S. Therefore, the minimum of H,S consumption in the
TPS of MoOs/Al,Os is related to the transformation of in-
termediate oxysulfides to MoS,. If a NiW/AI,O3 catalyst
was not calcined at high temperature (only dried at 120°C),
the minimum in H,S consumption had a positive value,
corresponding to the production of H,S (8). The H, con-
sumption at 340°C in the TPS of our Ni-W/AI,O3 catalysts
corresponds to a H,S production process. Nevertheless, the
concentration of H,S was still below the base line (Fig. 1),
indicating that there still isa net H,S consumption. Itis clear
that a H,S production coincides with a simultaneous H,S
consumption in the TPS patterns of the Ni-WQO3/Al,0O3 and
Ni-WQO3/Al,O3-F catalysts. This H,S production must be a
nickel-related reduction process because the minimum in
H,S consumption did not have an accompanying H; con-
sumption for the tungsten-only catalysts (6, 14). This H;
consumption was ascribed to the reduction of {WSs} (8).
The QEXAFS measurements (Figs. 4 and 5) and HREM
measurements (8) show that WS is formed at about 340°C
during the sulfidation of Ni-WOQO3/Al,O3 catalysts. There-
fore, the H, consumption at 340°C during the TPS of the
Ni-WOQO3/Al,O3 catalysts is due to the transformation of
{WS3} or {WOs3_,Sy} intermediates to WS,.

The maximum of the third H,S consumption peak (S 111,
Table 1) for the Ni-WQOj3 catalysts is at 640°C, which is much
lower than that for the tungsten-only catalysts (750°C). This
means that the nickel-incorporation also promotes the sul-
fidation of tungsten species that are more difficult to sul-
fide. The ratio of the H,S to the H, consumed between 400
and 850°C (S I1I/H 11, Table 1) is 1.5. If the sulfidation of
Ni-WO3/Al,O3 in this temperature range were a transfor-
mation of {WQO3} and {NiO} directly to {WS,} and {Ni3S,},
the ratio of H,S to H, should be 2. The fact that H,S/H»
ratio is below 2 indicates that {WS3} and {NiS}, formed at
low temperature is reduced to {WS;} (Eq. [2]) and {Ni3S,};
(Eqg. [4]) above 400°C:

3{NiS} + H, = {Ni3S,} + H,S. [4]

Up to 400°C, the Ni-WO3/Al,O3 catalyst consumed
0.97 mol HyS and 0.38 mol H, per mole of nickel and
tungsten (cf. Table 1). The XANES simulation shows that
60% of the nickel was sulfided after sulfidation of the Ni-
WO3/Al,O5 catalyst at 400°C (Fig. 11). Sulfidation of 60% of
0.24 mol of {NiO} to {NiS} consumes 0.14 mol H,S and does
not consume H,. Hence, sulfidation of 0.76 mol tungsten in
the Ni-WO3/Al,O3 catalyst consumed 0.83 mol H,S and
0.38 mol H,. In the same way, sulfidation of 0.76 mol tung-
sten in the Ni-WO3/Al,O3-F catalyst consumed 0.87 mol
H,S and 0.39 mol H,.
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TABLE 3

Tungsten Distribution of the Sulfided (400°C, 4 h)
Catalysts in Percentage

{WOs3} {WS3) {WS3)
Ni-WO3/Al,O3 47 3 50
Ni-WO3/AlL,Os-F 45 4 51
Ni—-ATT/Al,O3 0 28 72
Ni-ATT/AlL,Os-F 0 11 89

Accordingtoreactions[1] and [2], sulfidation of & mole of
{WO3} to {WS3} consumes 3 o mole of H,S, and formation
of g mole of {WS,} consumes g mole of H, and produces
B mole of H,S. Thus, the total consumption of H,S is 3-8
mole, and the total consumption of H; is 8 mole. For the Ni-
WO3/Al,O3 catalyst, sulfidation of 0.76 mol tungsten up to
400°C consumed 0.83 mol H,S and 0.38 mol Hy, thus, 3o —
B=0.83, 8=0.38, and o =0.40. This means that after sul-
fidation of Ni-WOs3/Al,O3 at 400°C, the catalyst contained
100 B8/0.76 = 50% {WS,} and 100(cc — 8)/0.76 = 3% {WS3}.
In the same way, the sulfided Ni-WOQO3/Al,Os—F catalyst
contained 51% of {WS,}, 4% of {WS3}, and 45% of tungsten
remained unsulfided. These results are listed in Table 3.

Table 2 gives the sulfidation degrees of nickel and
tungsten (Nigy/Nit and Wy /Wy, respectively) on the sur-
face of the catalysts measured by XPS. According to the
XPS results, fluorine slightly decreases the sulfidation of
tungsten (from 44 to 42%) and nickel (from 72 to 68%) for
the Ni-WO4/Al,O3 catalyst. A similar result was reported
by Benitez et al. (27). However, the TPS results show that
fluorine slightly increases the degree of sulfidation, and the
QEXAFS measurements (Figs. 4 and 5) show that the Ni-
WO3/Al,O3-F catalyst has a more pronounced WS; signal
than the Ni-WO3/Al,O3 catalyst after sulfidation at 400°C
for 30 min. An analysis of surface population and archi-
tecture of the WS, crystallites of sulfided Ni-W/AI,O3—F
catalysts made by Ramirez et al. with HRTEM showed that
fluorine addition enhances the growth of the WS, structures
significantly (12). XPS is a surface-sensitive technique and
the signal from the deeper layers of the stacked WS, slabs
will be attenuated. The slightly smaller fraction of W(IV)
in the sulfided Ni-WO3/Al,O3-F catalyst might thus be due
to the lower dispersion of the WS; slabs.

The Ni K-edge XANES spectra of the 400°C sulfided
Ni-WO3/Al,0O3 and Ni-WO3/Al,O3-F catalysts are simi-
lar, meaning that fluorine does not influence the sulfida-
tion degree of nickel to a significant extent. The quantita-
tive simulation results show (Fig. 11) that the sulfidation of
nickel proceeds faster at low temperature (below 200°C)
and slower at high temperature in the fluorine-containing
than in the fluorine-free catalyst, and that fluorine slightly
decreases the sulfidation degree achieved at 400°C. Com-
bining the TPS, XPS, QEXAFS, and XANES results, we
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conclude that fluorine favors the formation of the well-
defined WS; structure and has no significant effect on the
sulfidation degree.

The Catalysts Prepared from ATT

For the Ni-ATT catalysts, the consumption of H; be-
tween 400°C and 850°C was due to the reduction of {WS3}
to {WS,} and {NiS} to {Ni3S;}. Nickel was fully sulfided
(Fig. 11). Reduction of 0.24 mole of {NiS} to {Ni3S,} con-
sumes 0.08 mol H,. The remaining 0.21 and 0.08 mol H;
(cf. Table 1) was consumed by reduction of {WS3} to {WS;}
for the Ni-ATT/AIl,O3 and Ni-ATT/Al,O3-F catalysts, re-
spectively. According to reaction [2], one mole of {WS3}
consumes one mol of H,. This means that the percent-
age of {WS3} is 28% (0.21/0.76) in the 400°C sulfided Ni-
ATT/AI,O3 catalyst, and 11% (0.08/0.76) in the 400°C sul-
fided Ni-ATT/Al,O3s-F catalyst. The remaining tungsten
exists as {WS;}. These results are also given in Table 3. Re-
duction of the {NiS} and {WS3} to {Ni3S,} and {WS,}, respec-
tively, will produce H,S. The H,S consumption was indeed
observed but not parallel to the H, consumption. How-
ever, the amount of H,S produced (0.30 and 0.17 mol per
mole of nickel and tungsten for the Ni-ATT/Al,O3 and Ni-
ATT/AIlLOs-F catalysts, respectively) surprisingly matches
the amount of H, consumed for the reduction of 0.24 mol
of {NiS} to {Ni3S;} and 0.21 mol of {WS3} to {WS,} (cf.
Table 3). Probably, the observed H,S production was due
to the reduction reactions, and the release of H,S was de-
layed because of H,S transport limitation.

Calcination aids the dispersion of the metal atoms on the
alumina support. The Ni-WOj catalysts were calcined at
500°C for 4 h, while the Ni-ATT catalysts were not cal-
cined at all. The much more pronounced W-W signal in the
spectra of the sulfided Ni-ATT catalysts (Figs. 6 and 7) in-
dicates that the WS, structures in the Ni-ATT catalysts are
better developed than those in the Ni-WOj catalysts. The
Ni K-edge XANES spectra of the Ni-ATT catalysts indi-
cate that hardly any nickel is coordinated by oxygen after
sulfidation at 400°C (Fig. 10). Nevertheless, the XPS results
show that the percentage of sulfided nickel is 91% after
4 h sulfidation at 400°C. The remaining 9% of NiO on the
surface of the Ni-ATT catalysts is probably due to the oxi-
dation of nickel sulfide by trace amounts of oxygen during
handling the samples in the glovebox. Because of the very
low concentration of oxygen (10 ppm), the oxidation was
probably limited to the surface nickel sulfide only. Because
XPS isasurface-sensitive technique, XPS measured a lower
degree of sulfidation than the bulk XANES technique.

Figure 11 shows that the sulfidation degree of nickel in
the Ni-ATT catalysts seems to be higher than 100% upon
sulfidation between 100 and 200°C, when the 400°C sul-
fided Ni-ATT/AlL,O3—F catalyst is taken as the reference
for a 100% sulfided sample. Probably, a slightly different
nickel sulfide species, with higher XANES intensity than



268

the final state, was formed in this temperature range (100-
200°C). Because it is also in the same temperature range
that fluorine facilitates the sulfidation of nickel (Fig. 11), it
is logical to propose that fluorine favors the formation of
this nickel sulfide species. To confirm this, it is necessary to
perform a series of classical nickel EXAFS measurements
on the Ni-ATT catalysts after sulfidation at 150 and 400°C,;
this will be included in a future study.

Comparison of the QEXAF spectra of the fresh
ATT/AIL,O3 (Fig. 6 in Ref. 13) and Ni-ATT/Al,O3 (Fig. 6)
catalysts shows that the impregnation of the ATT/Al,O3
catalyst with the aqueous solution of Ni(NO3), replaced
most (but not all) of the sulfur atoms by oxygen atoms.
Accompanying the loss of sulfur from tungsten, nickel was
partially sulfided (Fig. 11). Nitrate anions, nickel cations,
and water may have caused the change of ATT on the
alumina support during the impregnation with the aque-
ous solution of Ni(NOs3),. Since also with nickel acetate
(Fluka, >99.0%) part of the sulfur atoms around tungsten
were replaced by oxygen atoms, nitrate is not the main
cause for the decomposition of ATT. When ATT/AI;O3
particles were brought into water, the ATT slowly dis-
solved and the solution became yellow. The clear yel-
low solution was separated from the solid particles by
filtration, and several drops of a nickel acetate solution
(pH 8) were added to the yellow solution. Black solid par-
ticles precipitated, indicating that Ni(OH)S was formed.
When a nickel nitrate solution (pH 4) was added to the
yellow solution instead, no black particles formed, but the
solution became brownish, probably due to the formation
of [Ni(WS4),]>~ (36). Apparently, the pH value is an im-
portant factor to influence the reaction of ATT and nickel
cations.

During the impregnation of the ATT/AIl,O3 sample with
the Ni(NO3), solution, part of the ATT dissolved. The WS2~
may react with Ni2* to [Ni(WS,),]>~, which is not stable
on the surface of alumina. Although the pH of the nickel
nitrate solution is low, the pH on surface of the catalyst will
increase during impregnation because of the buffer effect
of alumina. Besides reacting with Ni?*, ATT is also subject
to partial hydrolysis in water to WO,_S2~ and HS (37).
Without Ni?* this process is slow. Ni?* reacts with H,S to
NiS, and thus accelerates the hydrolysis process. That is why
the nickel on the fresh Ni-ATT/Al,O3 sample was partially
sulfided and most of the sulfur atoms around tungsten were
replaced by oxygen atoms. The Ni/W ratio is 0.3, thus, there
is not enough nickel to complete the decomposition of the
ATT compound. Indeed, the QEXAFS spectrum of fresh
Ni-ATT/Al,O3 also showed that some sulfur atoms were
still coordinated to tungsten (Fig. 6).

These newly formed WOy speciesinthe Ni-ATT catalysts
are different from those in the impregnated and calcined
Ni-WO3/Al,O5 catalyst. The former WOy species, which are
the product of partial hydrolysis of WSE‘ (37), are easier to
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sulfide than the latter (cf. Figs. 4 and 6). The Ni-WO3 cata-
lysts were calcined at 500°C, whereas the Ni-ATT catalysts
were only dried at room temperature. High-temperature
calcination aids the formation of W-O-Al linkages, which
makes the sulfidation of tungsten more difficult (6). A Laser
Raman study showed that the surface tungsten species in
a WO3/Al,O3 catalyst, which was calcined at 550°C, con-
sisted of separate tetrahedrally coordinated WOE[ com-
plexes when the loading of WO3 was lower than 15% (38).
In the QEXAFS spectra of fresh Ni-ATT/Al,O3 and Ni-
ATT/AIl,O3—F catalysts, a signal at 3.1 A is clearly seen,
which was not present in the spectra of the Ni-WQOj3 cata-
lysts. It is likely that the tungsten species in the fresh Ni-
ATT catalyst form condensed structures. It is known that
polyoxothiotungstates, such as W3OS3~ can be obtained
from WSi‘ in an organic solvent containing a little wa-
ter (37). More work is needed to identify the structure
of the condensed tungsten species in the Ni-ATT/Al,O3
catalyst.

Normally, sulfidation of the catalysts is performed at high
pressure (e.g., 1.5 MPa) in industry. The properties of a fi-
nal sulfided catalyst depend to a great extent on the sulfi-
dation conditions (39-42). Higher temperature and partial
pressure of H,S accelerate sulfidation. The importance of
the factors which affect the degree of sulfidation decreases
in the following order: temperature > partial pressure of
H,S > duration of sulfidation. Conclusions drawn from the
results obtained at atmospheric pressure are applicable to
industrial operation.

5. CONCLUSIONS

The sulfidation of nickel-tungsten catalysts could be
studied quantitatively by using a combination of techniques.
XANES supplied the degree of sulfidation of nickel. The av-
erage degree of sulfidation of nickel and tungsten obtained
from TPS then allowed to calculate the sulfidation degree of
tungsten. By combining the H,S and H, consumption dur-
ing TPS, the amount of {WSs}, formed as an intermediate
in the sulfidation of tungsten, could be determined. Sulfi-
dation of a classically prepared Ni-WO3/Al,O3 catalyst at
400°C sulfides tungsten and nickel only partially. The tung-
sten species in the sulfided Ni-WO3/Al,O3 catalyst are com-
posed of 50% of {WS,}, 3% of {WS3}, and 47% {WQO3}, and
in the sulfided Ni-WQO3/Al,O3-F catalyst of 51% of {WS,},
4% of {WS3}, and 45% of {WO3} (measured by TPS). On
the surface of the sulfided Ni-WO3/Al,O5 catalyst, the frac-
tion of sulfided nickel as measured by XPS is 72%o, and that
of W(IV) is 44%. Fluorination does not cause a significant
change in the sulfidation degree, but it affects the sulfida-
tion process and the composition of the final sulfided cata-
lysts. Fluorination facilitates the sulfidation of nickel and
tungsten at low temperature (below 200°C) and aids the
transformation of tungsten oxysulfides to WS,. The WS,
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structure is better developed in the sulfided Ni-WOQOg3/
Al,Os-F catalyst than in the sulfided Ni-WO3/Al,O3 cata-
lyst.

Impregnation of alumina with ATT gives fully sulfided
supported tungsten. During the subsequent impregnation
with nickel nitrate, the tetrathiotungstate complex decom-
poses to tungsten oxide species. Sulfidation of the Ni-
ATT catalysts at 400°C sulfides nickel completely and sul-
fides tungsten completely, but not completely to WS, (72%
for Ni-ATT/Al,O3, and 89% for Ni-ATT/Al,Os—F). The
WS; is better developed on the sulfided Ni-ATT catalysts
than on the sulfided Ni-WQOj3 catalysts. The tungsten oxide
species formed in the fresh Ni-ATT catalysts are easier to
sulfide than the tungsten oxide species in the classical Ni—
WOj; catalysts. This is of importance for the development
of better sulfided tungsten catalyst in industry.
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