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In situ QEXAFS investigation at Co K-edge of the sulfidation
of a CoMo/Al,Os3 hydrotreating catalyst
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In situ sulfidation of a commercial alumina-supported CoMo hydrotreating catalyst (3 wt% Co, 12.3 wt% Mo) has been studied by
QEXAFS at Co K-edge. Sulfidation was performed by heating progressively the oxide precursor from room temperature (RT) up to 673 K
inaH»/10% HoSflow (ramp 4 K/min). XAFS spectra were recorded each 10 K with an acquisition time of only 30 s. The obtained XANES
and EXAFS data were compared with those of a Co/Al,O3 (2.36 wt% Co) used as reference sample. It is evidenced that sulfidation of Co
atoms in aCoMo/Al, O3 catalyst starts at room temperature while the sulfidation of a Co/Al,O3 catalyst begins at 473 K.
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Inthefield of catalysis, sulfided catalystsrepresent an im-
portant class of solids used in refineries for the hydrotreat-
ment of crude oils. Even if sulfides have been utilized since
amost 50 years, intense researches are still performedin or-
der to develop more active systems and to improve the un-
derstanding of these catalysts. All hydrotreating catalysts
contain Mo or W and Ni or Co ions as active components
and the most important ones belong to the NiMo, CoMo
and NiW families. They are usualy prepared by impreg-
nation of a y-alumina carrier by agueous solutions of am-
monium heptamolybdate or tungstate and Ni or Co nitrates
with a subsequent calcination treatment [1]. If these systems
are commercialy available in the oxidic form, they should
be sulfided before reaching their active states and this sulfi-
dation step is particularly important since it determines the
catalytic performances of the overall system. Industrially
this activation step is conducted in situ under hydrogen pres-
sure by the feed itself or with a light gas oil spiked with a
sulfur-containing molecule which liberates H>S at moder-
ates temperatures. Recently, a process has been developed
for providing directly to the refinersa fully sulfided catalyst
activated with H2S [2]. Such a process requires a deeper
knowledge on the kinetic of the activation of the catalyst.
Intensive works were devoted to the physico-chemical char-
acterization of either the initial oxide precursor or the final
sulfided phase. From these data, it is now well admitted that
the operating active phase consists of small Mo(W)S; par-
ticles deposited on the support where the Co or Ni atoms
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are mostly located at the edges of the layered MoS, crys
tallites in the so-caled “CoMoS’ phase. This particular
location of the Co ions explained that most of the studies
on the transformation of the oxide form into the sulfided
one were devoted to the evaluation of overall sulfur content
or to the characterization of Mo element modification. It
was only evidenced using M dssbauer spectroscopy [3,4] and
EXAFS[5-7]. Kineticsof formation of thisactive phasewas
roughly estimated by using stepwise characterizations, sim-
ilarly to the observations previously made on Mo supported
aumina[8], the CoMo catalyst rapidly started to be sulfided
at room temperature [9,10]. From the literature, it appeared
that for Mo atoms sulfidation starts at RT leading to interme-
diate species formed by a rapid O-S exchange type mecha-
nism [11]. These transitional O- and S-containing species
are then gradualy transformed into a completely sulfided
state upon the temperature rising [12]. M0S3 has also been
proposed as an intermediate state [13]. The fast sulfidation
process has been also demonstrated by the use of QEXAFS
at Mo K-edge [13-15] or Ni K-edge on NiMo model cat-
alyst [13]. Concerning the Co state, stepwise XPS experi-
ments obtained on model catalysts CoMo/Al»,03/Si(100) by
de Jong et al. [16,17] demonstrated that sulfidation starting
at 400 K; in our case we observed at room temperature ashift
toward lower energies indicating that cobalt already started
to react and complete sulfidation seemed to be achieved at
573 K. In order to get kinetic information we applied aquick
EXAFS technique. This technique is particularly suitable
since it provides a specific probe for the study of Co (even
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for a commercia catalyst), which is not the case for many
other techniques.

The new X-ray synchrotron sources, characterized by the
high brilliance of the beam, have opened the door for new
types of experiment, especialy time-resolved in situ stud-
ies [18,19]. At the ESRF (European Synchrotron Radia-
tion Facility, Grenoble, France), the IF-CRG beam-line a-
lows time-resolved studies to be performed [20]. In this
work, we report the QEXAFS study of the sulfidation of a
commercial catalyst under in situ conditions analogous to
those performed at the laboratory scale. The XAFS meas-
urements have been performed in the transmission mode us-
ing the spectrometer installed by the French Collaborative
Research Group on the BM32 beam line at the ESRF. The
storage ring operated at 6 GeV in the multi-bunch mode (2/3
filling) with a 200 mA current. The activation process is
performed similarly to the laboratory scale under H2/10%
H>S flow from RT up to 673 K (rising temperature 4 K/min,
gas flow 50 mi/min). This sulfidation procedure was per-
formed in a dedicated in situ furnace. The XAFS cell was
adapted from the cell designed by Jentoft et al. [21]. In or-
der to avoid any H>S consumption due to the reactivity of
this gas with the walls of the reactor [22], the heated inner
part was protected by a quartz tube of which the diameter
has been adjusted to minimize the resulting dead volume.
Teflon rings isolated the quartz tube and avoided gas leaks
between quartz and stainless stedl tubing. Two flow-meters
allowed Hy/H>S or He to be introduced in the cell. A cal-
cined Co/Al>,03 sample (2.36 wt% of Co) was also studied
for comparison. Samples were pressed as pellets (diameter
of 1.8 cm, 2000 kgcm~2, thickness below 1 mm, 237 mg
for Co/Al,03 and 160 mg for CoM0o/Al>O3, in order to get
an edge jump close to 1.5) and mounted in the sulfidation
cell. Quick XAFS measurements were required to obtain
kinetic data and to reproduce the sulfidation conditions. Fig-
ure 1(a) compares the absorption data in transmission mode
for XAFS (45 min) and QEXAFS (30 s). Even if the signal-
to-noise ratio is decreased in fast acquisition mode, reliable
XAFS information is still obtained (see figure 1(b)). Dur-
ing the sulfidation temperature ramp, we collected one spec-
trum during 30 s each 10 K. The scan duration is reduced by
moving the monochromator at a constant angular speed and
recording the data “on the fly”. The originality of the set-up
is that the start of the record of a spectrum is triggered by
an external signal (temperature, voltage, current, etc.) at a
value pre-set in atrigger file. In this mode, the external sig-
nal can change while recording spectra, and one has to opti-
mize the counting time with respect to the external value and
the scan rates. Thetypical recording conditionsin QEXAFS
mode are the following ones. energy range 800 eV, energy
step 0.5, spectrum recorded in 1-20 s and counting time
equals to 0.032 s per point. In our case, we estimated that
the best compromise between temperature ramp and qual-
ity of QEXAFS data is obtained with a 30 s acquisition,
in that case the temperature change of the sample is only
2 K. Under these activation conditions, the sample is under
a non-equilibrium state and the data obtained gave an aver-
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Figure 1. Comparison of XAFS and QEXAFS modes recorded at room tem-
perature at Co K-edge of absorption (a) and EXAFS (b) for CoMo/Alo03
catalyst initsinitial oxide form.

ageimage of Co environment. However, probably dueto the
thickness of the pellet and the geometry reactor, we did not
notice such sample heterogeneity as observed in the case of
Cattaneo et al. [13] who also used apparently longer acqui-
sition time and faster temperature ramp. Experiments have
been al so performed at increasing or decreasing temperature
under inert atmosphere of He in order to get the contribution
of thermal effects (such as D-W factors). Figure 2 displays
the raw QEXAFS analysis of the in situ sulfidation of a Co
on alumina catalyst. It demonstrates the stability of the line
during the acquisitions.

A first interpretation is provided by the analysis of thein-
tensity of thewhitelineinthe XANES spectra. Co inthe ox-
ide form either in Co or CoMo on alumina presents a strong
whiteline dueto Co(1s) — Co(4p) transition, whereasin the
sulfided state the white line disappears. Thiseffectisameas-
urement of the changein the partial density of thefinal states
located abovethe Fermi level [23,24]. Figure2 illustratesthe
evolution of the white line during the sulfidation reaction of
the Co/AloO3 sample. In order to compare the intensities,
the edge jump has been normalized to the room temperature
one. Due to the absence of strong white line in the sulfided
form, it was not possible to approximate the steps by arct-
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Figure 2. In situ QEXAFS at Co K-edge of the sulfidation of a Co on
alumina catalyst.
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Figure 3. Evolution of white line intensity versus temperature of a

CoMo/Al>0O3 catalyst under Hp/H»>S and He. Comparison with Co on alu-
mina sample under Ho/H»S.

angent and Lorentzian functions, as it was previously done
for the L-edge of platinum-based catalysts [25]. White line
intensity (difference between the flat absorption before the
edge and the maximum of absorption after the edge ) was
normalized by the white line intensity of the oxide form at
room temperature. It has been checked that the results ob-
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Figure 4. Fourier transforms of the Co K-edge k3-wei ghted quick EXAFS
functions of an oxide CoMo/Al, O3 catalyst under He and during sulfidation
at rising temperature.

tained are similar to those obtained after a shape renormal-
ization of the absorption spectra. Comparison of the sulfida-
tion treatment with that performed under He shows that even
at room temperature the Co atoms in the CoMo catalyst re-
act with Ha/H2S (figure 3). Above 523 K, no variation of
the white line intensity is observed suggesting that sulfida-
tion of Co is completed. The Co/Al,O3 presents a different
behavior, white line modification is noticeable and abrupt:
modification of Co environment starts at 423 K and finishes
at 523 K. Similar results have been obtained with in situ
NEXAFS studies on Co on alumina samples (10 wt%) [26].
In contrast, XPS results obtained on Co/SiO, model cata-
lysts evidenced a fast sulfidation of Co [15]. Measurements
performed during cooling of a sulfided CoM o sample under
Ha/H2S from 673 K to RT showed that temperature has no
effect on the edge jump of the sulfided CoMo sample. Simi-
lar observation can be done after treatment of the EXAFS os-
cillations. A careful extraction using SEDEM software was
applied (with no phase shift correction). Replacement of O
atoms by S atoms in the coordination sphere of Co atoms
shifted the first peak of the Fourier transform uncorrected
from phase shift (figure 4). A program using an automatic
extraction of the RDF and the distance of the main peak, in-
cluding phase shift correction, was also used during the ex-
perimentsto get an rapid overview of the modification of Co
atoms neighboring during the sulfidation process [27]. The
figure 5 showsthat thefirst neighbor distancerapidly risesup
to the value of Co-S distancein CoMo catalyst, whereas for



98 C. Geantet et al. / QEXAFS study of the sulfidation of a commercial CoMo catalyst

23

204 + _+_+. +te F L4 CoAlp,
+ —e— CoMo/ALO,
1.9 \ T \ \
273 373 473 573 673

Sulfidation temperature (K)

Figure 5. Evolution of the distance of the maximum of the first pesk of the
FT of EXAFSsignal corrected from Co-S phase shift.

Co aone a temperature of 473 K is needed to perform the
sulfidation. Both technigques give the same image of a fast
sulfidation process for the CoMo catalysts starting at room
temperature and a sudden reaction at circa 473 K for the Co
on aluminacatalysts.

Conclusion

The performance of recent SR sources such as ESRF a-
lows the study of the activation process of catalysts under
in situ conditionswith afast data acquisition. Time resolved
XANES and EXAFS was used to characterize Co environ-
ment of a commercia sulfide catalyst during its activation
stage and also compared to a Co on alumina catalyst. Sim-
pleinterpretations of these experimentsclearly evidence that
the sulfidation mechanisms of Co atoms on aluminaor asso-
ciated with Mo on aluminaare very different. Both XANES
and EXAFS data show that the sulfidation of Co on CoMo
catalystsisarapid process, whereasfor Co alone on alumina
sulfidation starts at about 473 K. On-lineanalysisof XANES
and EXAFS can berapidly performedin order to get the cru-
cial points of akinetic process which can be further studied
by conventional EXAFS.
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