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Abstract

The influence of the preparation method and sulfidation conditions on the structure and activity of ASA-supported NiW catal
investigated by a combination of57Co Mössbauer emission spectroscopy (MES), transmission electron microscopy (TEM), X-ray absorpti
spectroscopy (XAS), and thiophene hydrodesulfurization (HDS) activity measurements. Ni is sulfided already at low temperatu
nickel sulfide phase redisperses at higher temperatures over the edges of WS2 particles to form “Ni–W–S”-type phases. The formation
such highly active phases is facilitated by the partial transformation of intermediate WOxSy phases to WS2 (W LIII edge XAS) at 673 K. In
addition to this “Co–Mo–S” analogue nickel sulfide particles are present in dispersed form close to an oxysulfidic tungsten phase. It is fo
that the sulfidation of NiW/ASA closely resembles that of NiW/Al2O3. Trends in the HDS activity as a function of catalyst pretreatm
were evaluated. A higher calcination temperature (from 673 to 823 K)decreases the HDS performance stemming from a lower W sulfid
degree and a more dominant presence of small oxysulfidic tungsten particles. Increasing the sulfidation pressure from atmosphe
to 15 bar leads to a strong increase of the HDS activity. Whereas sulfidation at 923 K results in a well-crystallized WS2 phase (XAS), the
concomitant loss in dispersion (TEM) is detrimental to its performance. Moreover, indicationsare found that more complete crystallization
of the WS2 phase results in a lower activity.
 2004 Published by Elsevier Inc.

Keywords:Hydrodesulfurization; NiW; Amorphous silica–alumina; WS2; Mössbauer emission spectroscopy; Extended X-ray absorption fine structure
Transmission electron microscopy
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1. Introduction

More stringent environmental legislation has put pr
sure on oil refiners to improve the quality of product tra
portation fuels. Future fuel specifications necessitate ac
development work considering the improvement of proce
ing technology and the introduction of new and more ac
catalysts. Specifically, the removal of alkylated dibenzo
iophenes, the most refractory sulfur compounds in gas
needs to be addressed to arrive at low-sulfur transporta
fuels. Recently, it has been demonstrated that alumina- an
amorphous-silica–alumina (ASA)-supported sulfided NiW

* Corresponding author. Fax: +31 40 245 5054.
E-mail address:e.j.m.hensen@tue.nl(E.J.M. Hensen).
0021-9517/$ – see front matter 2004 Published by Elsevier Inc.
doi:10.1016/j.jcat.2004.09.019
catalysts are promising for the conversion of alkylated D
molecules at relatively low H2S partial pressures[1,2]. The
catalytic performance was found to be strongly dependen
the type of support and the reaction conditions[1,3]. For in-
stance, whereas NiW/ASA was less active in the hydrode
furization (HDS) of 4-ethyl,6-methyldibenzothiopheneco
pared to NiW/Al2O3 under H2S-free conditions, NiW/ASA
proved to be superior in the presence of 2000 ppm H2S [1].
Numerous studies on the structure and performance of
fided NiW/Al2O3 have been performed[1–17]. The sulfida-
tion degree of tungsten appears to be crucial to the final
alytic HDS performance[2,4,8–12]. Clearly, the sulfidation
behavior and catalytic properties of the promoted W-
Mo-based catalysts are different. NiW/Al2O3 is more diffi-
cult to sulfide than alumina-supported CoMo or NiMo[3,4].
This is mostly attributed to the formation of relatively stro

http://www.elsevier.com/locate/jcat
mailto:e.j.m.hensen@tue.nl
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673,
W–O–Al bonds[5], although it was alternatively put forwar
that the intrinsically strong W–O bonds make it difficult
fully sulfide tungsten oxides below 673 K[6]. Next to the
presence of Co and Ni promoters[13] and additives as fluo
rine [14–16]or phophorus[17], the calcination temperatu
and the sulfidation temperature and pressure are the
important parameters influencing the final extent of tung
sulfidation[3,8–12]. The mechanism of tungsten sulfidati
has been studied by several research groups[4–17]. Breysse
et al. [4] concluded that tungsten sulfidation to W4+S2 in
alumina-supported NiW is rather limited at 673 K and tha
significant fraction of tungsten may be present in higher
idation states either as oxysulfides or as WS3-like entities.
Based on temperature-programmed sulfidation studies R
houdt et al.[2] have suggested WS3 intermediates in the su
fidation of WO3 to WS2. Sun et al.[14] identified only very
small amounts of WS3-type phases as intermediates to tu
sten disulfide in the sulfidation of NiW/Al2O3. On the other
hand, detailed studies of the sulfidation of bulk tungsten
ides by Van der Vlies et al.[6] indicate that sulfidation o
WO3 proceeds via oxysulfide intermediates to WS2. Sulfida-
tion via WS3-type phases appears to be unlikely. Oxysulfi
intermediates have also been reported as very small par
on the alumina support at relatively low sulfidation temp
atures[9–12]. Such particles show a good performance
liquid-phase DBT HDS but perform worse in gas-phase t
phene HDS[11,12]. A general trend for alumina-support
W catalysts is that a higher calcination temperature leads
a lower sulfidation degree at a given sulfidation tempera
[11,12].

Concerning the role of promoters, Ni appears to be m
more effective than Co and hence most research has be
rected toward the NiW combination. Ni appears to be q
easy to sulfide[4,10,12,18]. This Ni-sulfide phase may b
present as a separate Ni-sulfide phase or as small Ni-su
species that interact with WOxSy-type phases at relative
low sulfidation temperatures. At higher temperatures,
formation of WS2 slabs results in the formation of “Ni–W
S”-type structures as observed by Mössbauer spectros
on 57Co-doped NiW/Al2O3 [12]. This implies a redisper
sion of the Ni-sulfide phase to smaller, better ordered spe
[2,12]. We have recently focused on sulfided alumina- an
carbon-supported NiW and CoW[12,19]and identified the
“Ni–W–S” and “Co–W–S” analogues of “Co–Mo–S”-typ
phases by57Co Mössbauer spectroscopy. Additional indic
tions for the decoration of the WS2 edges by Ni species wa
provided by NO FTIR results of Reinhoudt et al.[10].

In view of the interesting catalytic properties of AS
supported NiW, we further investigate the differences
tween alumina- and ASA-supported NiW catalysts he
Amorphous silica–alumina is a support material made
of γ -Al2O3 patches in an aluminosilicate matrix. We wi
to address the relation between catalyst structure and
activity for ASA-supported NiW. The most important que
tions to be addressed are (i) how does the use of amorp
silica–alumina instead of alumina influence the sulfida
t

-

s

i-

y

s

mechanism of the tungsten phase, (ii) does the redispe
of Ni observed for NiW/Al2O3 also take place in NiW/ASA
and (iii) why is the optimum Ni/W ratio generally highe
than the optimum Co/Mo ratio. A fourth element of this
study is the influence of the crystallinity of the WS2 phase on
the catalytic activity. Recently, we have found that comple
sulfidation at 873 K of Mo in a CoMo/Al2O3 catalyst leads
to a stronger decrease in HDS performance than is to b
pected from the loss in dispersion[20]. This was attributed
to a lower intrinsic activity of crystalline MoS2 compared to
fully sulfided but less ordered MoS2.

The main characterization techniques include Mössbau
emission spectroscopy (MES) and extended X-ray abs
tion fine structure (EXAFS). MES was applied to follow t
sulfidation of Ni species. To this end, Ni was doped w
small amounts of57Co. This method was previously applie
to study Ni(Mo) catalysts[21], zeolite-occluded Ni[22],
and alumina- and carbon-supported NiW[12,19]. Crajé et
al. [21] concluded that doping of Ni with57Co yields infor-
mation on the various Ni phases present in sulfided Ni(M
catalysts. EXAFS was used to probe the local coordina
environment of Ni and W during sulfidation. Informatio
about morphology and dispersion was acquired by trans
sion electron microscopy (TEM). The catalytic activity w
tested in atmospheric gas-phase thiophene HDS.

2. Experimental

2.1. Catalyst preparation

The ASA support, containing 60 wt% Al2O3 and 40 wt%
SiO2, was prepared by a cogelling procedure[23] and dried
at 393 K overnight. Finally, the support was calcined in
air-circulation oven at 783 K for 5 h and at 949 K for
additional 2 h. The resulting ASA support consisted of b
Al2O3 regions in a matrix of pure ASA. The pore volum
of the ASA support was 0.67 ml g−1 with a particle size o
125–250 mm and a surface area of about 360 m2 g−1.

NiW/ASA catalysts were prepared by pore-volume co
pregnation of a previously dried ASA support with an aq
ous solution of ammonium metatungstate ((NH4)6W12O39 ·
xH2O, Aldrich p.a.) and nickel nitrate (Ni(NO3)2 · 6H2O,
Merck p.a.). The tungstate concentration was chosen su
result in final catalyst loadings of 15.2 wt%. Another sam
was prepared by adding the W in the cogelling proced
of the preparation of the ASA support followed by po
volume impregnation with an aqueous solution of nic
nitrate. This catalyst is denoted as NiW/ASA (W coge
The catalyst for MES measurements was prepared by ad
60 MBq57Co as an aqueous solution of cobalt nitrate in 1
HNO3 (Cygne) to the impregnation solution, resulting in
57Co:Ni molar ratio of about 10−4:1. This catalyst is denote
as57Co:NiW/ASA.

The resulting materials were dried in static air at 383
overnight and subsequently calcined at temperatures of
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773, or 823 K in air-circulation oven for 2 h. The va
ious catalysts are denoted bytheir calcination tempera
ture, i.e., NiW/ASA-673, NiW/ASA-773, or NiW/ASA-823
NiW/ASA-773 (W cogel) was calcined at 723 K, whi
NiW/ASA-383 was only dried at 383 K.

One catalyst was specifically prepared for EXAFS m
surements. This material has a Ni/W atomic ratio of 0.60,
a value chosen to increase the signal-to-noise ratio at th
K edge. In all other cases, the nickel nitrate concentra
in the impregnation solution was chosen to arrive at a Ni/W
atomic ratio of 0.25 at./at.

2.2. Mössbauer emission spectroscopy

A sample was placed in an in situ reactor, which h
been described elsewhere[24]. All parts were made of stain
less steel 316, thus allowing measurements in a H2S/H2 at-
mosphere. The reactor was placed horizontally so tha
sample holder, a small cup of vespel (composite mate
Du Pont), can be easily mounted.

MES spectra were recorded at ambient temperature
ing a constant-acceleration spectrometer in the triang
mode with a single-line K4Fe(CN)6 · 3H2O absorber, which
is enriched in57Fe. The velocity scale was calibrated w
a 57Co in Rh source and a SNP (Na2(Fe(CN)5NO) · 2H2O)
absorber. Positive velocities correspond to the absorber m
ing away from the source and zero velocity correspond
the peak position of the K4Fe(CN)6 · 3H2O absorber mea
sured with the57Co in Rh source. Spectra were fitted w
calculated subspectra consisting of Lorentzian-shaped lines
Constituent peaks were constrained to have equal widths
equal integrated intensities.

2.3. Catalyst sulfidation

Prior to sulfidation, a MES spectrum of the fresh sa
ple was recorded. Subsequently, samples were subject
a stepwise sulfidation treatment in a 10 vol% H2S in H2 gas
mixture at the following temperatures: 300, 373, 473, 5
673 K. The sample was heated from room temperatur
the sulfidation temperature in 1 h and kept at this temp
ture for an additional hour. After each sulfidation step,
sample was cooled to room temperature in the sulfida
mixture followed by recording the MES spectrum.

For comparison, a single-step sulfidation experiment
carried out by heating to 673 K at a rate of 6 K min−1 in a
10 vol% H2S in H2 gas mixture followed by an isotherm
period of 2 h. After cooling to room temperature in the s
fiding mixture, the reactor was flushed with He for 15 min
The sulfided catalysts were stored in sealed glass amp
via a recirculation-type glove box filled with Ar.

Catalysts are denoted as NiW/ASA-X (Y), where X ref
to the calcination temperature and Y to the sulfidation te
perature in Kelvin. NiW/ASA-823 (673) refers to a samp
calcined at 823 K and stepwisesulfided to a temperature o
i

-

o

s

673 K. For the single-step sulfidation at a sulfidation te
perature of 673 K, the catalyst is denoted as NiW/ASA-8
(s 673). While the majority of the catalysts were sulfided
a total pressure of 1 bar, NiW/ASA-823 (s 673, 15) rep
sents a sample sulfided at a total pressure of 15 bar w
maintaining the H2S/H2 ratio of 0.1.

2.4. Extended X-ray absorption fine structure

Catalyst samples were pressed in self-supporting pe
with an optimal thickness adjusted to have an absorptionµx

of about 2.5. High surface area graphite (Lonza HSAG-
was mixed with the catalysts to produce a stable pellet.
pellets were mounted in an in situ EXAFS cell[25] and step-
wise sulfided. The cell was closed after purging with He a
transported to the beam line. After recording of the X-ray
sorption spectra, the cell was reconnected to the gas sy
for the next sulfidation step.

Spectra were recorded at the NiK edge and the WLIII
edge. Data of the stepwise sulfidation series and of sulfi
NiW/ASA (W cogel) sample were collected at the Swi
Norwegian beam line (SNBL, BM1B) at the ESRF, Gren
ble, France (storage ring 6.0 GeV, ring current 200 mA).
coming X-rays were monochromated by a Si(111) chan
cut monochromator and a chromium-coated mirror was u
for harmonic rejection. After positioning the cell in th
beam, the sample was cooled to liquid N2 temperature for
successive EXAFS measurements at the NiK edge and the
W LIII edge. The rest of the data were measured at
tion 9.2 of the SRS, Daresbury, UK. This storage ring w
operated at 2.0 GeV and the ring current was in the ra
of 180–250 mA. The Si(220) monochromator was detu
to 80% intensity to remove higher harmonics in the X-
beam. Three scans were averaged before data analysis

The XDAP program version 2.2.2[26,27] was used for
data treatment and analysis. The W–S and W–W coord
tion of WS2 (Aldrich, 99%) measured at station 9.2 at t
SRS, Daresbury, UK, were used as W–S and W–W re
ence. For the Ni–S reference the Co coordination in C2
measured at station 8.1 at the SRS, Daresbury, UK,
taken. The use of a Co absorber instead of Ni is justi
as the phases and backscattering amplitudes of neighb
elements such as Co and Ni hardly differ[28]. Other refer-
ence spectra were calculated with the FEFF code[29]. The
k3-weighted andk-weighted EXAFS functions were Fourie
transformed (FT) and multiple shell fitting was performed
R space until a satisfactory fit was obtained for spectra iR

space as well as ink space. The data were analyzed over
range�k = 2.5–13.9 Å−1 for the NiK edge and�k = 3.1–
18.4 Å−1 for the W LIII edge, while the ranges for theR
fit were between 1.0 and 4.0 Å. The estimated accura
of the EXAFS fit parameters were±20% for the coordina
tion number(N), ±0.04 Å for the coordination distance(R),
±20% for the Debye–Waller factor�σ 2, and±10% for the
inner-potential correction�E0.
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2.5. Gas-phase thiophene hydrodesulfurization

Atmospheric pressure gas-phase thiophene HDS ac
measurements were performed in a quartz microflow r
tor. About 100 mg of catalyst was diluted with SiC (83 µ
to obtain a bed height of about 1.5 cm. After heating
catalyst at a rate of 6 K min−1 to 673 K in a 10 vol% H2S
in H2 mixture and further sulfidation at 673 K for 2 h, th
flow was switched to the reaction mixture. Thiophene va
was obtained by passing H2 through liquid C4H4S (Acros,
> 99%) in a saturator equipped with a cooler, resulting
mixture of 4 vol% thiophene in H2. The reaction temperatu
was 673 K. The total gas flow was 50 ml min−1. Products of
the HDS reaction were analyzedby an online gas chromato
graph (HP-5890, FID) equipped with a CP-Sil 5 CB colum
The reaction rate coefficientk was calculated assuming firs
order kinetics in thiophene.

2.6. Transmission electron microscopy

Transmission electron microscopy was performed at
National Center for High Resolution Electron Microsco
at the Delft University of Technology, Delft. TEM micro
graphs were obtained by a Philips CM 30 T electron
croscope operated at 300 kV with a LaB6 filament as the
source of electrons[30]. Samples were prepared by mou
ing a few droplets of a suspension of ground sulfided cata
in ethanol on a Quantifoil microgrid carbon polymer su
ported on a copper grid followed by drying under ambi
conditions, all in an Ar-flushed glove box. Samples w
transferred to the microscopein a special vacuum-transfe
sample holder. EDX elemental analysis was performed
ing a LINK EDX system. At least 10 micrographs for ea
sample were taken with a magnification of 490,000. T
number of visible WS2 stacks, the average number of la
ers per stack (stacking degree), and the average slab l
were determined by manual inspection of at least 3 repre
tative micrographs.

3. Results

3.1. Mössbauer emission spectroscopy

MES spectra for57Co:NiW/ASA-383 after stepwise su
fidation up to 673 K are presented inFig. 1. The spec-
tral shape clearly changes withincreasing sulfidation tem
perature, most notably upon sulfidation above 473 K.
fit parameters are collected inTable 1. In the freshly pre-
pared state, the sample predominantly contains57Co:Ni-
oxide species with a spectral contribution (A) of 82%, wh
the remainder is made up by high-spin 2+ species with a
quadrupole splitting (QS) of 2.39 mm s−1. This high-spin
2+ state can be attributed to oxidic57Co:Ni species[31]
which represent nickel atoms in close contact with the
phase or the ASA support. The spectral contribution of
h
-

Fig. 1. MES spectra of57Co:NiW/ASA-383, fresh and sulfided at ind
cated temperatures, showing57Co:“Ni–W–S” formation (indicated with∗)
at 573 K.

state remains fairly constant with increasing sulfidation t
peratures up to 473 K. Besides the high-spin 2+ compo-
nent, a second contribution (QS= 0.93 mm s-1) is present
after sulfidation at 300 K, which is due to (partly) sulfid
57Co:Ni. The QS of this species decreases to 0.61 mm−1

after sulfidation at 473 K. A decreasing QS reflects
growth and/or ordering of initially highly dispersed C
sulfide particles[31,32] in CoMo-based catalysts. Simila
trends for the present57Co-probed Ni catalysts are taken
an indication of the evolution of small Ni-(oxy)sulfide pa
ticles to larger and/or better ordered ones with increa
sulfidation temperature. Concomitant with the decreas
the spectral contribution of the high-spin 2+ component a
a sulfidation temperature of 573 K, a new contribution
pears with an isomer shift (IS) of 0.29 mm s−1 and a QS
of 1.24 mm s−1. In the absence of W, this doublet was n
observed[21,22]. From the similarity of the Mössbauer
parameters for this phase to the one observed for Co–M
type phases, we assign this doublet to a57Co:Ni–W–S-type
phase. The spectral contribution of this phase increas
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Table 1
MES parameters of57Co:NiW/ASA-383 after successive sulfidation steps

57Co:Ni-oxide High spin 2+ 57Co:Ni-(oxy)sulfide 57Co:“Ni–W–S”

IS
(mm s−1)

QS
(mm s−1)

�

(mm s−1)
A

(%)
IS
(mm s−1)

QS
(mm s−1)

�

(mm s−1)
A

(%)
IS
(mm s−1)

QS
(mm s−1)

�

(mm s−1)
A

(%)
IS
(mm s−1)

QS
(mm s−1)

�

(mm s−1)
A

(%)

Fresh 0.23 1.04 1.07 82 0.99 2.39 0.74 18
300 1.03 2.38 0.58 13 0.22 0.93 0.92 87
373 1.04 2.36 0.54 14 0.21 0.85 0.90 86
473 1.03 2.29 0.71 16 0.19 0.61 0.70 84
573 0.99 2.58 0.50 3 0.27 0.66 0.64 77 0.29 1.24 0.49 20
673 0.28 0.79 0.71 52 0.28 1.41 0.45 48

Isomer shift, IS± 0.03 mm s−1; quadrupole splitting, QS± 0.03 mm s−1; linewidth, � ± 0.05 mm s−1; spectral contribution,A ± 5%.
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48% after sulfidation at 673 K. At the same time, the con
bution of the Ni-sulfide phase decreases with an additio
increase of the QS. We take this as a strong indication
part of the Ni-(oxy)sulfide particles redisperses resulting
formation of Ni–W–S-type phases. The observation of
increase of the quadrupole splitting of the Ni-(oxy)sulfide
phases can be reconciled by noting that the Ni-(oxy)sul
particles become smaller and/or more disordered[21,22].

3.2. W EXAFS

The W EXAFS k3-weighted FT functions of stepwis
sulfided NiW/ASA-673 are given inFig. 2. After sulfida-
tion at relatively low temperatures, two W–O contribution
are visible with oxygen atoms at radial distances of 1.73
1.99 Å. These interatomic distances correspond to the W
distances in the first coordination shell of WO3 [33,34]. Af-
ter sulfidation at 573 K, tungsten is partially sulfided as is
parent from the small W–S contribution withRW–S = 2.42 Å
andNW–S = 0.4 (fit results not included inTable 2). No ev-
idence for intermediate WS3-like species was found. Afte
sulfidation at 673 K, the spectrum consists of two main c
tributions, a W–S contribution at a distance 2.40 Å an
W–W coordination at 3.15 Å. This clearly points to the do
inant presence of WS2. On the other hand, the value ofNW–S

of 4.4 is rather low and may point to incomplete sulfidat
at this stage. We suspect that there remains some oxyg
 n

Fig. 2. k3-weighted W EXAFS FT functionsof NiW/ASA-673 after step-
wise sulfidation at indicated temperatures. Tungsten sulfidation starts
573 K as derived from the corresponding fit results inTable 2.

the tungsten sulfide structures and strictly speaking the
sulting phase should be denoted oxysulfidic. The remain
catalysts were studied after single-step sulfidation. Thek3-
weighted FT functions of the single-step sulfided cataly
are presented inFigs. 3a and b. The fit results for NiW/ASA
673 (s 923) inTable 3show that the W–S and W–W co
ordination numbers are close to 6. These values agree
those for bulk WS2. The presence of a second coordinat
ent,
Table 2
W LIII edge EXAFS parameters of selected NiW/ASA catalysts after single-step and stepwise sulfidation

Catalyst W–O (1) W–O (2) W–S W–W

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

NiW/ASA-673 (s 673) – – – – – – – – 4.4 2.40 1.2 −2.3 2.8 3.15 2.2 −3.4
NiW/ASA-673 (s 923) – – – – – – – – 6.8 2.41 0.4 −0.3 5.3 3.16 0.0 −0.8
NiW/ASA-773 (s 673) – – – – – – – – 5.6 2.41 0.6 −1.5 3.6 3.16 0.3 −2.6
NiW/ASA-773 (s 673, 15) – – – – – – – – 6.1 2.42 0.6 −1.4 4.0 3.17 0.2 −1.4
NiW/ASA-823 (s 673, 15) – – – – – – – – 4.8 2.41 1.3 −0.2 2.8 3.17 1.2 −4.2
NiW/ASA-823 (s 573) 5.3 1.73 14 −19 2.1 1.99 2.1 2.4 1.8 2.39 3.0 1.7 1.0 2.75 3.8 6.7
NiW/ASA-723 (W cogel)

(s 673)a
1.9 1.72 4.9 20 2.1 1.94 0.6 20 3.6 2.40 0.7 −0.2 2.8 3.15 1.9 −2.3

Estimated accuracies:N ± 20%,R ± 0.04 Å,�σ2 (Å2) ± 20%,�E0 (eV)± 10%; –, contribution not present; W–O (1) is the first W–O coordination pres
W–O (2) is the second W–O coordination present;catalyst notation is explained in the text.

a Second W–W contribution present:N = 0.4, R = 2.72 Å,�σ2 = 0.0 Å2, �E0 = 19 eV.
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(a)

(b)

Fig. 3. W EXAFSk3-weighted FT functions of selected NiW/ASA ca
alysts: (a) NiW/ASA-823 (s 673, 15), NiW/ASA-773 (s 673, 15), a
NiW-673 (s 923) and (b) NiW/ASA-823 (s 573), NiW/ASA-723 (W-coge
(s 673), NiW/ASA-773 (s 673), and NiW/ASA-773 (s 673, 15). The c
responding fit parameters are collected inTable 3. A second coordination
shell at radial distances larger than 4 Å is visible in almost all spectra (
cated inFig. 3a).

shell at radial distances larger than 4 Å suggests a relat
crystalline WS2 phase for this high sulfidation temperatu
NiW/ASA-773 (s 673) displays a WS2-like structure with
NW–S = 5.6, which indicates nearly complete W coordin
tion by sulfur. Increasing the sulfidation pressure from 1
15 bar leads to an increase ofNW–S from 5.6 to 6.1 and an in
crease ofNW–W from 3.6 to 4.0. This can be easily observ
in Fig. 3b as an increase in the intensities of the correspo
ing features. The W–W coordination numbers of 3.6 and
respectively, are considerably lower than 6. These value
typical for small supported MeS2 (Me = Mo, W) particles,
although the effect of structural disorder also must be ta
into account[35].

The influence of increasing the calcination tempera
from 773 to 823 K can be evaluated from a compari
between NiW/ASA-773 and NiW/ASA-823 after a simil
sulfidation treatment, i.e., sulfidation at 673 K and 15 b
Table 2gives the correspondingW–S and W–W coordina
numbers. Clearly, the values for these coordination num
are significantly lower for NiW/ASA-823. Thus, an increa
of the calcination temperatureleads to a decrease of the su
dation degree. Finally, the spectra of NiW/ASA-823 (s 5
and NiW/ASA-723 (W cogel) (s 673) are different from t
other spectra inFig. 3b. Here, we clearly observe two a
ditional W–O contributions. These catalysts are thus pa
oxidic, most likely due to the presence of WO3 (see also
Table 2). The cogel sample also contains features of a W2-
type phase withNW–S of 3.6 andNW–W of 2.8, characteristic
for incomplete WS2 formation and the presence of som
oxysulfidic particles. Compared with a similar catalyst p
pared via the conventional route, i.e., NiW/ASA-773 (s 67
the sulfidation degree for NiW/ASA-723 (W cogel) is co
siderably lower, taking into account that the somewhat lo
calcination temperature of the latter sample would ind
the opposite effect. We thus attribute the lower sulfida
degree to differences in the preparation method. In short
addition of W during preparation of the ASA support reta
tungsten sulfidation.

NiW/ASA-823 (s 573) also exhibits a lower sulfidatio
degree with a value of 1.8 forNW–S. The observed W–W dis
tance of 2.75 Å agrees withRW–W in WS3 (RW–S = 2.40 Å,
NW–S = 5, RW–W = 2.75 Å,NW–W = 2) [36,37]. This phase
can possibly be an intermediate one to the developme
the WS2 phase. After increasing the sulfidation to 673 K
a pressure of 15 bar, the transition to WS2 formation has be
gun. We note that we only observed such an intermed
WS3 phase for NiW/ASA-823.

3.3. Ni EXAFS

Thek3-weighted FT functions at the NiK edge for step
wise sulfided NiW/ASA-673 are shown inFig. 4. Table 3
Table 3
Ni K edge EXAFS parameters of NiW/ASA-673 after stepwise sulfidation

Ts

(K)
Ni–O Ni–S Ni–Ni

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

N R

(Å)
�σ2 × 10−3

(Å2)
�E0
(eV)

300 6.1 2.01 7.4 6.7 0.5 2.22 1.2 1.2 0.9 3.04 4.1 −1.6
373 4.1 1.98 10 15 2.1 2.18 1.6 14 0.3 3.02 3.9 2.3
473 3.0 1.98 10 14 2.7 2.17 1.3 15 0.7 3.02 1.6 −0.2
573 2.2 1.94 6.1 14 2.7 2.19 0.2 12 0.8 2.98 1.4 7.4
673 – – – – 5.6 2.22 3.4 0.0 – – – –

Estimated accuracies:N ± 20%,R ± 0.04 Å,�σ2 (Å2) ± 20%,�E0 (eV)± 10%; –, contribution not present.
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Fig. 4.k3-Weighted Ni EXAFS FT functionsof NiW/ASA-673 after step-
wise sulfidation at various temperatures.

Fig. 5. XANES spectra at the NiK edge of NiW/ASA-673 after sulfida
tion at various temperatures. Besides the differences in the whiteline
preedge peak, there is also a shift in edge position with increasing su
tion temperature.

gives an overview of the multiple-shell-analysis fit pa
meters. Analysis of the spectrum for the room-tempera
sulfided sample (300 K) indicates the presence of th
contributions: a Ni–O contribution at a distance of 2.01
(NNi–O = 6.1), a Ni–S contribution at 2.22 Å(NNi–S = 0.5),
and a Ni–Ni contribution at 3.04 Å(NNi–Ni = 0.9). These
Ni–O and Ni–Ni distances approach the crystallographic
tances in bulk NiO (RNi–O = 2.08 Å,RNi–O = 2.96 Å [37]).
With increasing sulfidation temperatures,NNi–O decreases in
favor of an increasing value forNNi–S, demonstrating that N
becomes progressively sulfided. Still, sulfidation is far fr
complete at 573 K. This is also visible in the XANES r
gion displayed inFig. 5, which presents the typical whitelin
for a Ni–O interaction[38,39]. After increasing the sulfida
tion temperature to 673 K, the Ni–O and Ni–Ni contributio
disappear. The whiteline also disappears due to the non
character of the Ni–S bond[40]. Moreover, we observe a
increase of the preedge peak area around 8333 eV, ch
teristic for a 1s→ 3d transition[41] and a shift of the edg
position from 8347 to 8340 eV. The increase in the inten
of the preedge peak at a sulfidation temperature of 573
related to a change in local symmetry of Ni. The shift of
edge position to lower energy can be explained by a decr
of the valency of Ni. The value ofRNi–S = 2.21 Å fits into
the structural model of Ni–W–S as proposed by Louwers
Prins[42].

3.4. Transmission electron microscopy

The high-resolution TEM micrographs indicate an inh
mogeneous distribution of the WS2 slabs over different area
of the samples. EDX elemental analysis demonstrated th
the WS2 slabs are preferentially located on the alumina pa
of the ASA support, although slabs were also found in ot
parts of the support material.This tallies with the earlie
finding that tungsten preferentially interacts with the a
mina part of the support materials[7]. For each catalyst, w
analyzed at least 550 WS2-like slabs from three represe
tative micrographs. The average slab lengths and stac
degrees of various sulfided catalysts are listed inTable 4.
The corresponding slab length distributions and stacking
grees are shown inFig. 6. As the slab length distribution wa
roughly similar for single-layered and multiple-layered sla
in the investigated samples, we report the slab length di
bution for the total of slabs in a given catalyst. A detai
analysis of NiW/ASA-673 (s 673) indicates that the maj
ity of slabs have a length in the range of 2–3 nm, while
average slab length amounts to 2.9 nm (seeTable 4). The
major fraction (∼ 70%) is present as single-layered sla
leading to a relatively low stacking degree of 1.1. A sm
part of the sample contains a high slab density with multip
stacked slabs, while the largest part of the sample con
of a lower density of slabs with mainly single and do
ble layers (Fig. 7). Calcination at 773 K (NiW/ASA-773
(s 673)) instead of 673 K resulted in a decrease of the
erage slab length to 2.6 nm. The slab length distribu
in Fig. 6a demonstrates that this decrease in average
length is mainly caused by a higher fraction of very sm
e

Table 4
Average slab length, average fraction of W at the edges, and average stacking degree in selected catalysts

Catalyst Average slab length (nm) Average fraction W(edge)a Average stacking degre

NiW/ASA-673 (s 673, 1) 2.9 0.39 1.1
NiW/ASA-773 (s 673, 1) 2.6 0.43 1.4
NiW/ASA-773 (s 673, 15) 3.4 0.34 1.4
NiW/ASA-673 (s 923, 1) 4.4 0.27 1.5

a Derived from average slab length.
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Fig. 6. Slab length distributions (a) and stacking degree (b) of three repr
sentative TEM micrographs of selected catalysts. The legend provid
(a) also applies to (b).

particles (< 1 nm), while the main part still has a length
the range of 2–3 nm. Furthermore, it is remarkable that
cination at 773 K also results in a higher stacking deg
(from 1.1 to 1.4). Sulfidation of this catalyst at a press
of 15 bar (NiW/ASA-773 (s 673, 15 bar)) results in the sa
stacking degree with a similar stacking distribution (Fig. 6b).
However, clear changes are observed in the slab length
tribution. A larger amount of slabs has a length of 3–4
leading to an average slab length to 3.4 nm. The slab le
distribution of NiW/ASA-673 (s 923) inFig. 6a also shows a
maximum in the interval 3–4 nm. However, the average
length of 4.4 nm is larger than in the previous sample
to a larger number of slabs with a length greater than 4
The fraction of single-layered slabs is equal to that for
NiW/ASA-773 samples, although on average the multip
stacked slabs have a somewhat higher stacking degree
average stacking degree amounts to 1.5.Fig. 8 shows two
representative TEM micrographs of NiW/ASA-673 (s 92

3.5. Thiophene HDS activity

The thiophene HDS activities as a function of the Ni/W
atomic ratio are plotted inFig. 9. The activities are given
per mole W and per mole Ni. The promotion effect of
on the activity per W atom is clearly observed. The ac
ity sharply increases with increasing Ni/W atomic ratio up
-

e

Fig. 7. TEM image of NiW/ASA-673 after sulfidation at 673 K showi
single- and multiple-layered slabs representative for the largest part o
sample.

to a ratio of 0.60. At higher ratios, the activity levels off.
Ni/W atomic ratios below 0.40 at./at., the activity per N
atom is more or less constant, but at higher ratios it decl
somewhat. We take this as an indication that all availa
edge positions are occupied by Ni atoms and that exces
atoms cannot be accommodated on free WS2 edges. This
leads to a lower activity per Ni atom.Fig. 10shows the re
lation between the thiophene HDS activity per mole W a
the calcination temperature ata sulfidation temperature o
673 K. Increasing the calcination temperature from 673
823 K leads to a decrease of the activity. Moreover, an
crease of sulfidation temperature from 673 to 923 K a
results in a lower performance. An optimum thiophene H
activity after sulfidation at 673 K was reported by Korán
et al. [43] for a sample similar to NiW/ASA-673. Here, w
find a marked improvement in the HDS performance afte
increase of the sulfidation pressure from 1 to 15 bar for a
cination temperature of 773 K and a sulfidation tempera
of 673 K (Fig. 10).

4. Discussion

4.1. Influence of sulfidation temperature

The Ni EXAFS data show that already after sulfidation
300 K part of the Ni oxide phase is sulfided in line with e
lier results[4,10,12,18]. This is attributed to oxygen–sulfu
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a
Fig. 8. TEM images of NiW/ASA-673 after sulfidation at 923 K showing that some parts contain up to eight WS2 slabs (left), while other parts contain
variety of single and multiple stacked slabs (right).
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Fig. 9. Thiophene HDS activity of NiW/ASA-823 as a function of the Ni/W
atomic ratio. The reaction rate constantk is given per mole W (2) and per
mole Ni (Q).

exchange reactions that proceed progressively up to 57
This corroborates with an almost constant contribution o
57Co:Ni(oxy)sulfide-type phase as probed by MES. One
serves a small decrease of the QS of this phase which
be explained by a small degree of sintering. At a sulfi
tion temperature of 573 K the contribution of Ni–W–S-ty
phases becomes visible. Concomitantly, the W EXAFS d
point to the start of tungsten sulfidation in NiW/ASA-67
although the structural parameters do not show the typ
W–W coordination at a distance of 3.16 Å in WS2. The ap-
pearance of a Mössbauer signal related to Ni–W–S struc
is attributed to a redispersion of the small NiSx particles
over the edges of tungsten sulifde particles. This implies
these NiSx species are mobile over the support surface. T
phenomenon was earlier reported for NiW/γ -Al2O3 [2,12].
In this view, the interaction of mobile Ni-sulfide species w
WS2-like structures leads to formation of smaller NiSx par-
ticles in Ni–W–S-type structures. A further increase of
sulfidation temperature to 673 K leads to more complete
fidation of the tungsten phase and a further decrease o
NiSx particle size as derived by the increase of the QS
.

Fig. 10. Thiophene HDS activity of NiW/ASA as a function of the calci-
nation temperature(TC) and the sulfidation temperature(TS). The effect
of the calcination temperature was measured at a sulfidation temperat
673 K, while the sulfidation temperature dependence was measured for m
terials calcined at 773 K. The sulfidation pressure(PS) was kept at 1 bar
(gray) except for one sample which was sulfided at 15 bar (black).

1.41 mm s−1. At this sulfidation temperature, the W EXAF
data also show W–W coordinations typical for WS2. This
agrees with the idea that Ni-promoted WS2 are structurally
similar to Co–Mo–S structures[40] and hence are com
posed of highly dispersed Ni-sulfide clusters on the edge
WS2. After sulfidation at 673 K, nickel is fully sulfided an
equally distributed over two separate phases, i.e., (i) a p
consisting of very small particles on the edges of WS2-like
structures (Ni–W–S) and (ii) a phase consisting of small
sulfide particles.Fig. 11provides a schematic picture of th
sulfidation of NiW/ASA. While in principle one expects
decrease of the QS value of the latter phase with temper
due to sintering of the bulk nickel sulfide phase—which w
observed in the temperature range of 300–473 K—we
an increase in the quadrupole splitting of this phase at highe
sulfidation temperatures. This small increase may sug
that there is some kind of interaction of these nickel sul
species with a tungsten oxysulfide phase. Although not c
clusive, this interpretation is underlined by the absenc
a separate nickel sulfide phase from the TEM microgra
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Fig. 11. Schematic representation of the sulfidation of supported NiW
alysts. Ni easily sulfides at low temperatures and probably interacts w
tungsten oxide phase. This latter phase transforms into an oxysulfidic pha
(WOxSy). The nickel sulfide species eventually become smaller over
phase. Sulfidation to WS2 probably proceeds already at 573 K to a sm
extent and is clearly observed after exposure to H2S/H2 at 673 K. Then,
“Ni–W–S”-type structures are formed with very dispersed nickel sul
clusters having a quadrupole splitting of 1.41 mm s−1. The tungsten phas
is fully sulfided at 923 K, the latter temperature inducing the growth of
WS2 particles. Analysis of thiophene HDSdata suggests that full crysta
lization of the WS2 phase results in a lower intrinsic activity.

and the absence of Ni–Ni coordinations in NiW/ASA-6
(s 673). This view coheres with the suggestion of an inte
tion between nickel sulfide and WOxSy phases at relativel
low sulfidation temperatures[10,12]. Although an optimum
promoter concentration is found around Ni/W = 0.6 at./at.,
one observes a decrease in the thiophene HDS activity
mole Ni. This suggests that for higher Ni/W ratios nickel
atoms end up in less active structures which may be
persed nickel sulfide species located close to an oxysu
W phase. Further sulfidation will lead to a more comple
r

sulfided WS2 phase where the NiSx clusters may disperse
very small or even mono-atomic Ni centers. This is relev
in the present case because the W EXAFS data show th
sulfidation is not complete at 673 K.

Although no intermediate W species is observed in
course of stepwise sulfidation for the sample calcine
673 K, the structural parameters for NiW/ASA-823 (s 5
point to the presence of a WS3-type phase next to the pr
dominant WO3 phase. Since the W phase is primarily
cated on the alumina part of the ASA support[7], a parallel
can be drawn with W sulfidation in alumina-supported N
Reinhoudt et al.[41] deduced from TPS measurements t
W sulfidation in NiW/Al2O3 calcined at 823 K proceeds v
WS3. It may thus well be that WS3 is formed as an interme
diate phase in the sulfidation from WO3-type phases to WS2.
A WS3 intermediate phase has also been found in the ca
sulfidation of tetrathiotungstate[36], but not during the sulfi
dation of bulk WO3 phases[6]. Although the latter precurso
is the more relevant one for our case, one also must take
account that the support may strongly influence the m
anism of sulfidation. In the present work, we only fou
indications for WS3 intermediates after single-step sulfid
tion at 573 K for NiW/ASA-823. In the other catalysts, w
did not observe this intermediate phase at this sulfida
temperature. Most likely, the mode of sulfidation has so
influence on the formation of the intermediate phases.

The influence of the sulfidation temperature on the m
phology of the sulfide phases as derived from TEM mic
graphs is compared for NiW/ASA-673 (s 673) and (s 92
The average slab length for the sample sulfided at 67
is 2.9 nm. The slabs are predominantly present as sin
layered slabs. After increasing the sulfidation tempera
to 923 K, the average slab length increases to 4.4 nm
a small decrease of the number of single-layered slab
noted. Increasing the sulfidation temperature thus leads
strong growth of the lateral dimensions of the WS2 slabs and
a small increase in stacking degree. The thiophene HDS
formance for NiW/ASA-673 decreases strongly for hig
sulfidation temperatures (Fig. 10). Although one expect
that more complete W sulfidation leads to a higher ga
phase thiophene HDS performance, the decrease in di
sion of the WS2 slabs appears to be of overriding impo
tance. A comparison of the decrease in HDS performa
(∼ 40%) and in WS2 dispersion (∼ 30%) evaluated from
the average fraction of W at the edges inTable 4between
NiW/ASA-673 (s 673) and (s923) points to an additiona
effect of the crystallinity of the tungsten sulfide phase.
though the difference is relatively small, the decrease
HDS performance is larger thanexpected on the basis of th
loss in dispersion. Moreover, we note that part of the tu
sten phase is oxysulfidic after sulfidation at 673 K wh
negatively influences the activity. Kooyman et al.[20] have
reported that fully sulfided, but distorted MoS2 structures in
CoMo/Al2O3 perform better in thiophene HDS than ful
sulfided, better crystallized ones. The higher activity may
caused by the distortions present due to residual interac
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with the support surface, leading, for instance, to bendin
the crystallites. Although the effect is smaller in the pres
case—possibly due to the fact that at a sulfidation temp
ture of 673 K the catalyst is partly oxysulfidic which resu
in a lower thiophene HDS activity—we can tentatively fo
mulate that W-based catalysts exhibit a high thiophene H
activity when the tungsten phase is fully sulfided but not
fully crystallized. Formally, one should consider the act
phase in NiW/ASA-673 (s 923) as a type II phase beca
in this case full sulfidation is obtained and all linkages w
the support surface are broken. Similar to the study on
based catalysts, it appears that the crystallinity of the W2
influences the HDS activity. One should then reconsider
definition of the type I/II formalism[44].

4.2. Influence of calcination temperature

The EXAFS FT function of NiW/ASA-773 (s 673, 15
exhibits considerably higher peak intensities than the
function of NiW/ASA-823 (s 673, 15). This is reflecte
in the lower W–S and W–W coordination numbers
NiW/ASA-823. The rather low value forNW–S [4.8) is in-
dicative for incomplete WS2 formation and implies a par
tially oxidic tungsten phase. These oxygen atoms were
detected by W EXAFS. Apparently, the oxide atoms
not present at regular distances, which suggests that o
dealing with a kind of amorphous oxysulfide phase (WOxSy

phase). In contrast to NiW/ASA-823 (s 673, 15), NiW/AS
773 (s 673, 15) is sulfided more completely(NW–S = 6.1).
The lower W sulfidation degree resulting from a higher ca
nation temperature explains the decrease in thiophene
activity. Although the present data on the effect of sulfi
tion temperature are limited to samples sulfided at 15
they correspond qualitatively to those found for NiW/Al2O3
[9–12] sulfided at atmospheric pressure. In those stud
calcination at higher temperatures also results in a lowe
tivity in gas-phase thiophene HDS. We also investigated
influence of the calcination temperature on the morphol
of the samples with TEM. The effect of increasing the ca
nation temperature from 673 to 773 K is twofold: the aver
slab length is lower (decreases from 2.9 to 2.6 nm) and
average stacking degree hasincreased from 1.1 to 1.4. Th
decrease in slab length is due to a larger number of part
of subnanometer size. Such particles were earlier obse
by Reinhoudt et al.[9] in a TEM study of NiW/Al2O3
catalysts. Recently, similar species were reported in
based catalysts[45]. Given that the WS2 particles in sulfided
NiW/ASA are primarily located on the Al2O3 part of the
ASA support [7], we expect that similar phenomena o
cur for the present ASA-supported catalysts. The num
of such subnanometer particles in the alumina case[9] was
found to increase with the calcination temperature. More
vere sulfidation conditions resulted in the lateral growth
these subnanometer particles to particles of 1–2 nm that
regarded as nuclei for the formation of WS2 slabs. Reinhoud
et al.[9] suggested that the subnanometer particles con
s

ing Ni and W represented a partially sulfided intermed
species during sulfidation. Accordingly, the observed
crease in density of subnanometer particles in NiW/AS
773 can be attributed to a lower W sulfidation degree. T
should be due to a lower W sulfidation degree at a hig
calcination temperature which is in line with the pres
EXAFS fit results. The second effect of a higher calci
tion temperature is a slight increase in the stacking deg
possibly due to some mobility of tungstate in the oxidic p
cursor. This may lead to the migration of tungstate from
ASA patches to alumina parts of the support, where the b
ing with tungstate is preferred[7]. Although NiW/ASA-773
(s 673) exhibits a smaller particle size than NiW/ASA-6
(s 673), the higher W sulfidation degree of the latter ca
lysts leads to a significantly higher thiophene HDS activ
This agrees with the notion that the W sulfidation degre
a crucial parameter for the gas-phase thiophene HDS pe
mance.

Fig. 3a clearly shows that NiW/ASA-773 (s 673, 15) e
hibits more pronounced coordinations in the region of
second W–W contributions (6.32 and 6.41 Å) compared
NiW/ASA-823 (s 673, 15). The presence of coordinat
shells at such large distancesis characteristic for long-rang
ordering of the WS2 structure. Shimada et al.[46] simi-
larly found more pronounced features for this coordinat
shell in the W EXAFS FT function of a NiW/Al2O3 cat-
alyst that was used in second stage hydrotreating of c
derived liquids. They attributed this to agglomeration
small WS2 crystallites, especially in the lateral direction. A
though this may also be valid in the present case, we
not observe an increase in the second W–W coordina
shell for NiW/ASA-773 (s 673) after raising the sulfidatio
pressure from 1 to 15 bar, despite of a substantial large
erage slab length observed by TEM. We conclude that
to the slab length also the crystallinity of the tungsten sul
patches is important. Thus, a lower calcination tempera
may result in a better crystallized WS2 phase. Walton and
Hibble [36] showed that even if WS2 is poorly crystalline,
this does not exclude the presence of a second W–W sh
the W EXAFS FT function. Differences in crystallinity be
tween samples calcined at various calcination temperature
may thus be reflected in variations in the peak intensity
the second W–W shell.

4.3. Influence of sulfidation pressure

An increase of the sulfidation pressure from 1 to 15
has a marked positive effect on the activity of NiW/ASA-7
after sulfidation of 673 K. The catalyst sulfided at 15 b
exhibits stronger coordinations in the W EXAFS FT fun
tion (Fig. 3a). The resulting fit parameters (Table 2) indi-
cate slightly higher W–S and W–W coordination numbe
Whereas the stacking degreesof both samples are simila
(Table 4), sulfidation at 15 bar leads to higher average s
length of 3.4 nm as compared to 2.6 nm for the sam
sulfided at atmospheric pressure. Moreover, the numbe
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subnanometer particles strongly reduces after more se
sulfidation. This can be understood in terms of progres
W sulfidation leading to the formation of a larger fraction
WS2 slabs. The thiophene HDS data show a much hig
performance (∼ 140%) regardless of a small loss in d
persion (∼ 20%), again stressing the important role of
sulfidation. Ramírez and Gutiérrez-Alejandre[47] found a
relation between the average slab length and the sul
tion level of the W phase in NiW catalysts supported
Al2O3–TiO2 mixed oxide and concluded that the growth
the particles did not originate from a sintering process
rather from a higher level of sulfidation of the W pha
Similarly, we conclude that the catalyst sulfided at 1 bar co
tains partially sulfided subnanometer particles with a lo
W sulfidation degree compared to NiW/ASA-773 sulfided
a pressure of 15 bar. Although we could not perform Mö
bauer measurements at elevated pressures, we surmis
further sulfidation of the W phase at elevated pressure
sults in a higher contribution of Ni–W–S-type structur
This would explain the higher thiophene HDS activity. The
findings confirm previous reports[2,4,8–12]that stress the
strong correlation between W sulfidation degree and
phase HDS activity.

From the slab lengths determined by TEM, we calcula
the fraction of W atoms at the WS2 edge surface assumin
the slabs to be present as perfect hexagons. For these ca
tions the formulae of Kasztelan et al.[48] were applied. Fo
the six W atoms at the corners of a perfect hexagonal
NW–W equals 3, for the remaining edge atoms 4, while
W–W coordination of the atoms within the slab equals 6.
each observed slab the resulting average W–W coordin
number was determined. These numbers were averaged
all the slabs in a particular sample. This procedure res
in a W–W coordination number of 4.8 for NiW/ASA-77
sulfided at 1 bar and a value of 5.0 for NiW/ASA-773 s
fided at 15 bar. Conversely, the values forNW–W derived
from the W EXAFS measurements are 3.6 and 4.0, res
tively. Although the trends are similar, i.e., a higher W–
coordination number for the catalyst with the largest sla
the values derived from TEM are higher than those der
from the EXAFS fit analysis. This discrepancy was ear
reported for the particle size determination of MoS2 [20,49–
51]. The limitation of TEM lies in the difficulty of differenti
ating the smallest particles from the structure of the alum
support. In principle, nevertheless, the applied magnifi
tions should allow one to observe the smallest WS2 (MoS2)
slabs with a size in the order of 10 Å. Shido and Prins
cussed the limitations of EXAFS in determining partic
sizes from the Mo–Mo coordination numbers[32] and devel-
oped a model in which distortions originating from surfa
relaxation were introduced through variations of the M
Mo distances in the MoS2 crystallites. This study provide
insight into the background of the lower coordination nu
bers observed from EXAFS as compared to TEM analy
A function was proposed relating the EXAFS-derived M
Mo coordination number to the MoS2 slab diameter. This le
e

at

a-

r

-

to a better agreement between the values determined
TEM and EXAFS analysis and provides some further c
that a careful TEM analysis produces an estimation of
MoS2 dispersion. We applied this model to recalculate
W–W coordination numbers for our samples. The EXA
coordination numbers were used to obtain a corrected v
for the slab length. For NiW/ASA-773 sulfided at 1 bar, t
results in a slab length of 26 Å in good agreement with
value derived from the TEM micrographs. A similar corre
tion for the same sample sulfided at 15 bar gives a corre
slab length of 33 Å, again close to the TEM-derived val
Hence, we conclude that the distortions at the edges o
WS2 slabs are the reason for the relatively low values
NW–W from the EXAFS measurements. For NiW/ASA-6
(s 923) the value of 5.3 for the W–W coordination would i
ply an average slab dimension of 120 Å which is much lar
than the value of 45 Å determined by TEM. In this case,
original model of Kasztelan et al.[48] appears to produce
better value (ca. 40 Å). Taking into account the accuracy
its of N , an average slab length of 44 Å is not unreasona
On the other hand, the incorrect prediction by the mode
Shido and Prins in this particular case might relate to the
that the WS2 particles are better crystallized, rendering
surface relaxation correction unnecessary. This derives
the relatively high sulfidation temperature and correspo
well with the considerably larger particle size for this sa
ple. As stated before, these differences in crystallinity m
be an important parameter for the final HDS performa
and have also been observed for MoS2-based catalysts[20].
For NiW/ASA-673 (673), we also find deviations from t
current model, i.e., a corrected slab length of 20 Å vs a v
of 29 Å for NiW/ASA-673 (s 673). This may be partly du
to the fact that the former sample is not fully sulfided w
values of 2.8 and 4.4 forNW–W andNW–S, respectively, bu
the difference may also relate to the single-step sulfida
of the latter sample which is known to produce a lower d
persion[52].

5. Conclusions

The effect of the sulfidation temperature, the sulfi
tion pressure, and the calcination temperature on the s
ture and thiophene hydrodesulfurization activity of AS
supported NiW catalysts was studied by a combinatio
Mössbauer emission spectroscopy, W and Ni EXAFS,
TEM. Stepwise sulfidation Mössbauer measurements sh
that initially formed partially sulfided Ni particles redisper
upon sulfidation at about 573 K. This temperature coinc
with the temperature where W sulfidation starts as der
from W LIII edge EXAFS measurements.57Co Mössbaue
spectroscopy measurements clearly show that Ni–W–S-
structures are formed after sulfidation at 673 K. This ob
vation tallies with the occurrence of a highly dispersed
sulfide species and a WS2-type phase derived from Ni an
W EXAFS data. The remainder of the nickel sulfide phas
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is probably present as dispersed nickel sulfide species i
teraction with a oxysulfidic tungsten phase. Whereas Co
and NiMo present on type of promoter ion on the edge
MoS2, it appears that in sulfided NiW catalysts nickel c
be present as very dispersed, probably atomically dispe
nickel species on the edges of WS2 and as very small nicke
sulfide species in close interaction with WOxSy-type phases
The sulfidation mechanism for ASA-supported NiW clos
resembles that for alumina-supported NiW.

The calcination and sulfidation temperature have a
nounced effect on the development of the active phase
the resulting activity. The performance decreased after
vere sulfidation at 923 K, which is explained by extens
sintering of the active phase providing fewer edges to
der catalytically active Ni–W–S sites. Similar to Mo-bas
catalysts, a higher crystallinity of the active phase may s
press the thiophene HDS activity, although the conditi
to achieve this for W-based catalysts are more severe. An in
crease of the calcination temperature (from 673 to 773 K
sults in a distinct increase in the stacking degree of the W2
slabs (TEM) and the occurrence of a larger fraction of s
nanometer particles that pertain to an oxysulfidic phase.
results in a lower performance in gas-phase thiophene H
On the other hand, an increase of the sulfidation pres
(from 1 to 15 bar) has a positive effect on the performa
and can be attributed to a higher W sulfidation degree.
deviant values for the particle size as derived from TEM
EXAFS can be explained assuming distortions in the W2
slabs which render lower W–W coordination numbers t
expected. For larger WS2 crystallites inclusion of these dis
tortions is not necessary, providing an additional indica
that the small tungsten sulfide particles obtained after c
ventional sulfidation have a lower crystallinity than larg
ones.
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