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Abstract

The chemical state of the active phase (Ni-Mo—-S and Ni-W-S) of sulfided NiMo and NiW catalysts during the
interaction with NO is investigated by extended X-ray absorption fine structure (EXAFS). The results show that
approximately 30 % of the Ni atoms in the active phase are oxidized already at room temperature (RT) upon NO exposure.
On the average, the chemical state of the W atoms in sulfided NiW /Al ,O; is hardly changed. Essentially all the Ni atomsin
the active Ni-Mo—S phase are oxidized above 150°C. Although the present results indicate that significant structural and
chemical changes occur when NO is used as a probe molecule in activated hydrotreating catalysts, NO temperature-pro-
grammed desorption (TPD) and NO chemisorption can, nevertheless, provide important insight into the nature of the active

phase. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The atomic structure of supported Ni and Co
promoted molybdenum- and tungsten-based hydro-
treating catalysts has been studied by a multitude of
techniques for several decades[1]. The goal of these
studies has not only been to increase the fundamental
knowledge of the atomic structure of the active
phase, but also to tailor-make new catalysts with
improved catalytic properties. The latter is necessary
in order to meet the new legidations concerning the
levels of Sand N in conventional transportation fuels
in the future. An experimental approach is the one
where the density and/or the nature of the active
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surface sites are characterized by the use of different
probe molecules in combination with, e.g., infrared
(IR), temperature-programmed desorption (TPD), or
chemisorption [1]. Often, it has been possible to
obtain correlations between the catalytic activity and
the number of active surface sites, as determined by
these methods [1]. Since the use of probe molecules
requires some pre-treatments, it should be stressed
that the chemical state of the surface structures may
be significantly different from that of a working
catalyst under more redlistic industrial conditions.
The applied probe molecules may aso interact
strongly with the active phase and, thereby, modify
the chemical state of the surface atoms.

The surface structure of oxidic precursors and the
nature of the active sites in sulfided CoMo/Al,O4
and NiMo/Al,O; catalysts have been characterized
extensively by NO chemisorption and by IR studies
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of absorbed NO molecules by the Topsge group
[2—-6] and other groups [7—18]. From these studies, it
was demonstrated that NO is a very useful selective
probe molecule, and furthermore, that both the num-
ber, as well as the type of surface sites present in
activated hydrotreating catalysts, can by quantified
by NO adsorption combined with Fourier trans
formed infrared spectroscopy (FTIR). As one of the
key results, it has been possible to verify that the
number of promoted sites increases on the expense
of unpromoted sites [2] and a correlation between the
intrinsic HDS activity and the amount of NO ad-
sorbed on these promoted sites has been identified
[2,6]. The nature of e.g., the NO—Co bonding, has
been elucidated by comparison with studies of well-
defined homogeneous sulfur-containing model com-
pounds [3].

A few NO TPD results on sulfided Mo-based
catalysts have been reported. Jung et al. [19] showed
a symmetric NO TPD peak, centered around 160°C,
with an area linearly increasing with the Mo loading
and the benzothiophene HDS activity. Moon et al.
[20] reported NO TPD from sulfided Mo and Co
catalysts supported on carbon and Al,O;. The NO
desorption temperatures in the two studies are simi-
lar, athough the desorption spectra observed by
Moon et al. appear to have severa shoulders, which
are not present in the study by Jung et al.

NO is known to be a very reactive probe molecule,
and oxidation of bulk MoS, during NO exposure has
been reported by, e.g., Shuxian et a. [21]. In the
present work, we will focus on the active sitesin Co
and Ni promoted NiMo and NiW-based hydrotreat-
ing catalysts, as probed by NO chemisorption and
NO TPD. The interaction of NO with the active
phase is probed by extended X-ray absorption fine
structure (EXAFS).

2. Experimental

The unpromoted Mo/Al,O, catalysts were pre-
pared by pore filling of m-Al,O, (= 270 m? /@) with
ammoniumheptamolybdate. The NiMo/Al,O,,
CoMo/Al,O; and NiW /Al ,O, catalysts were made
by coimpregnation with a solution of Ni(NO,), -

6H,0 or Co(NO,), - 6H,0 and ammoniumhepta:
molybdate or anmmonium metatungstate. All catalysts
were calcined at 450°C for 2 h.

The NO TPD experiments were performed in a
micro-reactor system connected to a Balzers mass
spectrometer (GAM 400). The different catalysts
were crushed and sieved to a particle fraction be-
tween 300 and 850 pwm and 0.200 g was loaded in a
quartz reactor. Both the oxidized and the in situ
nitrided catalyst were sulfided in H,S/H,/He (2
vol.%,/2 vol.%,/96 vol.%, flow =100 N ml /min)
for 2 h at room temperature (RT) before the tempera-
ture was increased (10°C/min) to 450°C, where it
was kept for 2 h. The sulfided catalysts were flushed
in He (100 Nml /min) at 450°C before cooling to RT
and were then exposed to 3800 ppm NO in Ar (100
Nml /min) for 30 min. The gas flow was changed to
He (100 Nml /min) and the gas phase and the loosely
bound NO-surface species were removed before the
NO TPD was performed. The concentration of NO
was measured using mass 30.

The volumetric chemisorption experiments were
performed in an all-glass chemisorption setup. The
catalysts were sulfided according to the procedures
mentioned above. After sulfiding, the catalysts were
flushed with pure He at 450°C. The chemisorption
cell was then evacuated and subsequently cooled
under vacuum to RT and the NO chemisorption was
carried out. Two isotherms were measured, separated
by a vacuum treatment at RT. The isotherms were
fitted with a non-dissociative Langmuir-type equa-
tion and the difference between the first and the
second isotherm is a measure of the amount of
strongly bound NO species.

_The EXAFS experiments were performed at the
ROMO Il experimenta station at beamline X1 at
HASYLAB, DESY. The double crystal monochro-
mator (Si(311) for the Mo K-edge and Si(111) for Ni
K-edge and the W L, edge) was detuned to 60%
intensity to minimize the presence of higher harmon-
ics. The measurements were al carried out in trans-
mission mode using three optimized ion chambers.
The energy calibration was obtained from the ab-
sorption edge of a reference sample measured simul-
taneously with the catalysts. All spectra were
recorded at RT. Standard EXAFS procedures [22,23]
were used to extract the EXAFS data from the
measured absorption spectrum.
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3. Results and discussion

Fig. 1 showsthe NO TPD of asulfided Mo/Al,O4
(12 wt.%) catalyst. Fig. 2 shows the NO chemisorp-
tion capacities as a function of the increasing Mo
loading. It is evident that the NO chemisorption
capacity is going through a maxima with increasing
Mo loading. Furthermore, there is a linear relation-
ship between the NO chemisorption capacity and the
NO TPD area, as illustrated for a series of sulfided
CoMo catalysts with different loadings (Fig. 3). The
above results clearly demonstrate that NO is a useful
probe molecule for the characterization of activated
hydrotreating catalysts.

Fig. 4a shows the Ni K-edge XANES of a
NiW /Al,O, catalyst recorded a RT of the oxidic
state, after sulfiding in H,S/Ar at 450°C, and after
exposing the sulfided catalyst to NO for approxi-
mately 1 h at RT. Fig. 4b shows an expanded view
of the XANES region and it is evident that the
intensity of the white-line, signifying Ni atoms in
oxidic surroundings, is absent after sulfiding. Fur-
thermore, it is seen that the energy position of the
absorption edge is shifted to lower energies upon
sulfiding, indicating a reduction of the Ni atoms. The
XANES spectra after NO exposure at RT are differ-
ent from the spectra obtained directly after sulfiding.
The energy position of the absorption edge is ob-
served to shift towards higher energies, and the
height of the white-line is increased upon exposing
the sulfided catalysts to NO. Thus, the Ni atoms in
the active Ni-W-S phase are partialy oxidized by
the interaction with NO at RT. This can be further
quantified by fitting the spectrum after NO exposure
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Fig. 1. NO TPD trace of asulfided Mo/Al,05 (12 wt.%) catalyst.
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Fig. 2. NO chemisorption capacity of sulfided Mo/Al,O; cata-
lysts as a function of Mo loading.

with a linear combination of the spectrum of the

catalyst before and after sulfiding, i.e.:

XANES® = k- [ @ - XANES™ + (1 — a)
-XANES¥']. (1)

Fig. 4 shows the fit where both the energy posi-
tion of the absorption edge and the height of the
white-line are well represented by such a simple
analysis. The fit shows that approximately 30% of
the Ni atoms are oxidized after exposing the sulfided
NiwW /Al,O, catalyst to NO at RT.

Fig. 5 shows the corresponding changes of the W
atoms in the same NiW/Al,O, catayst. Fig. 5a
shows the XANES structure of the W L ; absorption
edge and it is seen that the energy position after NO
exposure a RT is located between the energy posi-
tion of the oxidic and the sulfided state. From the
peak heights in the k* weighted Fourier transform
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Fig. 3. NO chemisorption capacities as a function of NO TPD

areas for a series of sulfided CoMo/Al,O; with different |oad-
ings (Co/Mo wt.%: 0,0, 2.1,/10.0, 3.2/14.6 and 4.5,/20.0).



378 L.P. Nielsen et al. / Journal of Molecular Catalysis A: Chemical 162 (2000) 375-379

16

312

_5 0.8

0.4

0 - .

8300 8350 8400 8450 8500
Energy (eV)

T T 1

absorpt

absorption (a.u.)

8325 8350 8375 8400
Energy (eV)

Fig. 4. (@ Ni K-edge XANES of a NiwW /Al,O; catalyst recorded
a RT in the oxidic state (dashed line), after sulfiding in H,S/Ar
(thick line), and after exposure to NO at RT (thin line). (b)
Expanded view of (&) including fitted XANES spectrum (open
circles).

(Fig. 5b), it is seen that the average sulfur coordina-
tion number (peak at about 2.0 A (not phase cor-
rected)) is only decreasing dlightly upon NO expo-
sure. Correlated with the small decrease in the sulfur
coordination number, a tiny increase is seen in the
oxygen coordination number (pesk at about 1.3 A
(not phase corrected)). Only a small effect is ob-
served by XAFS on the W atoms upon NO adsorp-
tion, whereas a much larger effect is observed for the
Ni promoter atoms. This probably reflects the differ-
ent dispersions of the two elements, i.e., all the Ni
atoms in the active Ni-W-S phase are exposed at
the edges of the WS, slabs, whereas a much smaller
fraction of the W atoms is exposed at the edges, the
rest being inaccessible to NO in the interior of the
slabs.

Fig. 6 shows the effect of the temperature on the
chemical state of the Ni atomsin the active Ni-Mo—-S
phase in a sulfided NiMo /Al ,O, catalyst during NO
exposure. Two horizontal lines indicate the height of
the Ni white-line in the fully oxidic and sulfided
state, respectively. It is evident (Fig. 6) that the Ni
atoms in the Ni-Mo-S phase are significantly oxi-
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Fig. 5. (@ W L 4 absorption XANES structure and (b) k* weighted
Fourier transforms of the NiW /Al,O5 catalyst recorded at RT in
the oxidic state (dashed line), after sulfiding in H,S/Ar (thick
line), and after exposure to NO at RT (thin line).

dized by NO at RT. Heating NO to above 150°C
oxidizes the Ni atoms to a degree similar to that
observed in the initial oxidic NiMo/Al,O; catalyst.
The titration of active sites by either NO chemisorp-
tion or NO TPD will thus significantly change the
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Fig. 6. The height of the Ni white-line of the Ni atoms in the
active Ni-Mo-S phase in sulfided NiMo/Al,O; catalyst as a
function of the temperature during NO exposure. Two horizontal
lines have been superimposed showing the height of the Ni
white-line in the oxidic and sulfided state, respectively.



L.P. Nielsen et al. / Journal of Molecular Catalysis A: Chemical 162 (2000) 375-379 379

chemical state of the active sites under the present
conditions.

The oxidation potential of NO has been studied
by other surface sensitive techniques. Two XPS stud-
ies [21,24] have reported the interaction of NO with
unsupported MoS, model catalysts. Suzuki et al. [24]
showed that the basal-planes of MoS, are inactive to
NO adsorption. Contrary, the edges of a freshly
cleaved MoS, crystal show the appearance of an O
1s peak located at the position of MoO;, indicating
the formation of MoO; at the edges of MoS, as a
result of NO exposure. In accordance with this, the
binding energy of the Mo 3d;,, level after NO
exposure was consistent with that of Mo®", i.e. the
formation of MoO; during NO exposure. An XPS
study by Shuxian et al. [21] showed that NO is a
better oxidizing agent than O, in the case of poly-
crystalline MoS,.

4, Conclusion

From the present results, it is clear that NO
interacts strongly with the atoms at the edge struc-
tures in sulfided NiMo and NiW hydrotreating cata-
lysts causing severe oxidation. With respect to the Ni
promotes atoms, it is estimated that approximately
30% of the Ni atoms in the active phase are oxidized
upon exposing to NO at RT. Above 150°C, all the Ni
atoms appear to have been re-oxidized into a state
similar to that observed prior to sulfiding. Although
NO interacts strongly with the active phase in sup-
ported hydrotreating catalysts, it has, nevertheless,
many advantages when applying NO as a probe
molecule in combination with, e.g., TPD, FTIR or
chemisorption, as illustrated by a few examples.
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