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Abstract

The sulfidation of CoMa/-Al 203 catalysts prepared in the presence of phosphate and triethylene glycol (TEG) was studied by in situ Mo
and Co K-edge QEXAFS. In a classic CoMo catalyst, prepared without phosphate and TE&isMar#&ed through intermediate MaS
like species. In the presence of phosphate, alone or with TEG, this intermediate species is not observed and the molybdenum is directly
sulfided to Mo$. The additives increased the sulfidation degree of molybdenum with respect to the standard catalyst, leading to a better
sulfur saturation of the MoSslabs and to a higher static order. Co K-edged QEXAFS showed that the sulfidation rate of Co increases in the
presence of phosphate and TEG.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction lyst. Several studies have been published on the mechanism
of sulfidation of the HDS catalysts. In these studies vari-
Hydrodesulfurization (HDS) is the most important cat- OUS techniques, such as temperature-programmed sulfidation
alytic process for the removal of sulfur from petroleum. [1], laser Raman spectroscof8}, and extended X-ray ab-
When organic sulfur-containing molecules are burned in in- SOrption fine structure (EXAFSR,4], have been used. As
dustrial plants or in the engines of automobiles, sulfur oxides Pre-sulfidation is a dynamic process, it is mandatory to use
are released into the atmosphere. These sulfidic compound&n in Situ technique to obtain reliable results. Cattaneo et
may further react with water in the atmosphere to form sulfu- &l- @nd Sun et al. recently performed several in situ experi-
ric acid and, as a consequence, increase acid rain. As legislaMents with the Quick-EXAFS technique to characterize var-
tion concerning the emission of sulfur-containing pollutants 1°US Steps of sulfidation of Co (Ni) and Mo (W) catalysts
is becoming stricter, the HDS process must be improved. containing doping agents such as fluorine and chelating lig-
One way to achieve this goal is to improve the reactivity of ands{s,6]. , _ .
CoMo and NiMo HDS catalysts by looking for new prepa- To obtain a_better understa_ndmg of the processes involved
ration routes or by adding doping agents. in the production of more active hydrotreating catalysts, we

A fundamental step in the preparation of HDS catalysts previously ir!V(_astigated the structur_e of oxidic CoMo cat-
is pre-sulfidation, which is carried out right before the cata- alysts containing phosphate and triethylene glycol (TEG)

lysts are used in the hydrotreating reactions and in which them’ prepared according to a recently released pe{@]nt .
L . : - The work presented here furthers the understanding of this
oxidic precursors are converted into the final sulfidic cata- : S
system by reporting the use of in situ Mo and Co K-edge

QEXAFS to determine how the mechanism of sulfidation is
* Corresponding author. Fax: +41-1-6321162. influenced by the presence of phosphate and triethylene gly-
E-mail address: roel.prins@chem.ethz.qR. Prins). col.
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2. Experimental and the pore size distribution was determined from the de-
sorption branches of the isotherms according to the BJH
2.1. Sample preparation and characterization method.

The catalytic tests of our samples were performed with
The wet impregnation method was used to prepare an apparatus that was a modified version of a flow sys-
CoMoP#-Al,03 and CoMoP-TEG/-Al,03 (containing tem described elsewell®]. An amount of 0.1 g of each
triethylene glycol, TEG), according to the European patent oxidic precursor was diluted in 0.9 g of SiC and sulfided
application 0601722 B[B] and our previous publicatidi]. at 400°C (heating rate 8C/min) for 2 h with a mixture
In short, 2.7 g MoQ@ powder (18.7 mmol, Fluka, purum, of 10% HS in H, (Messer Griesheim 3.0). The sulfiding
p.a.) and 0.5 ml of an 85 wt% aqueougR®, solution mixture flowed through the reactor at 60 /miin from the
(7.5 mmol POy, Aldrich, p.a.) were dissolved in 10 ml  beginning of the heating process. The activity of all of the
water with stirring and refluxing at 8@ for one night. catalysts was tested in the HDS of thiophene at35(b].
The solution was cooled to room temperature, 1 g CoCO We obtained the feed, consisting of 3% thiophene in H
(8.5 mmol, Aldrich p.a.) was added, and the solution was by bubbling H through a series of four thiophene satura-
stirred for 3 h; upon the addition of the cobalt salt, £O tors, which were cooled toZ. The thiophene/pmixture
evolved. The resulting solution was red and the pH was flowed over the catalyst at 75 pmhin, corresponding to a
3.0. In the case of the CoMoP-TEG impregnation solu- GHSV of 22,000 hl. Further details regarding the activity
tion, 2 ml TEG (15 mmol, Aldrich, p.a.) was added after test can be found ifv].
the CoCQ was dissolved. No changes in pH or color were The conversion of all of the catalysts was normalized for
observed after the addition of the glycol. These catalysts the Co+ Mo loading of the oxidic catalyst precursor to di-
were compared with classical CoMeAl>O3 and CoMo- rectly compare catalysts with a slightly different metal load-
TEG/y-Al,03 catalysts, which we prepared by dissolving ing.
2.7gMoG;, 2.5 g Co(NQ)3 - 6H,0, and 2 mI TEG in 10 ml
25% aqueous Ngisolution (Fluka, purum, p.a.); the pH of 2.2, XAFSmeasurements and data analysis
the solution was 9. Before impregnation with one of the so-
lutions, they -Al,03 (Condea Chemie) was crushed, sieved  We carried out in situ Mo and Co K-edge classical
(90—125-um grain size), and dried overnight in an oven at EXAFS and QEXAFS at the X1 beam line at HASYLAB
120°C. The total water pore volume of the drigdAl,O3 (Hamburg, Germany) to follow the sulfidation of CoMo cat-
was 0.9 mfg. The impregnation of the support was carried alysts supported op-Al>0s in the presence and absence of
out by the dropwise addition of 0.9 ml of the impregnation phosphate and triethylene glycol. The energy of the beam-
solution over the drieg/-Al,O3. After stirring for 1 h, the line ranges from 6 to 70 keVY10] and is regulated by a
wet powder was transferred to an oven and dried att@0  continuously moving two-crystal monochromaftd]. The
(ramp 2°C/min) for 16 h. Calcination was not applied. monochromator is equipped with three parallel mounted
The investigated catalyst precursors are listedTa pairs of Si(111), Si(311), and Si(511) crystals. The first crys-
ble 1 Atomic absorption spectroscopy was performed with tal was detuned with respect to the second one to eliminate
a Varian SpectraAA 200FS atomic absorption spectrometer, higher orders of diffraction in the transmitted beam, so that
equipped with a hollow tube lamp, which emitted the Co the intensity of the exit X-ray beam was 70% of the origi-
and Mo wavelengths at 240.7 and 313.3 nm, respectively. Tonal. The Si(311) and the Si(111) crystals were used for the
measure the phosphorus content, a photometric method wadlo and Co K-edges, respectively, and the accumulation time
employed7]. Nitrogen adsorption measurements of the dry was about 0.3 sstep at both edges.
but not calcined samples were performed at liquid-nitrogen  The catalyst samples were pressed into self-supporting
temperature with a Micromeritics TriStar 3000. Because wafers and mounted in the in situ EXAFS c§ll2]. The
no calcination was performed, the BET surface area of the thickness of the sample was chosen to adjust the edge jump
CoMoly-Al,05 catalysts was only 115 #ig, whereas the  to 1. We carried out the sulfidation by flushing the cell
calcined CoMoy -Al,03 catalyst had a BET surface area of with a 10% HS/Hy, mixture while heating to 400C at
177 nt/g. The surface areas were determined from the ni- 6°C/min. Classical EXAFS measurements of the sulfided
trogen adsorption isotherms, according to the BET method, samples were carried out at liquid nitrogen temperature in

Table 1

CoMo hydrotreating catalysts doped with phosphate and triethylene glycol

Catalyst Loading (wt%) CaMo P/Mo BET s.a. P.V. Av. P.D. Conversion/
Mo Co p mol ratio mol ratio (m2/g) (m3/g) (nm) Co+Mo (g 1)

CoMoly-Al,03 12.30 260 - Q34 - 115 25 58 16

CoMo-TEGk-Al,03 12.40 249 - Q31 - 90 021 53 17

CoMoP#/-Al,03 1285 288 1.75 037 0.42 144 ®B2 63 24

CoMoP-TEGy-Al03 1247 286 1.60 037 0.40 114 @8 57 28
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static He after the b/H>S mixture was evacuated from the
cell.

EXAFS data analyses were carried out with the XDAP
(version 2.2.3) progranfil3], according to the procedure
described in14]. For the analysis of the Mo—O, Mo-Mo,
Mo-S, and Mo-P contributions, EXAFS data from the
following experimental reference compounds were used:
NaoMoO, for the Mo-O contributions, Mao§S for the
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proximity, thus facilitating the formation of the most active
Co—-Mo-S structure and leading to an increase in the cat-
alytic activity.

3.2. Mo K-edge Quick EXAFS

Figs. 1A and 1Bshow the sulfidation process of Mo in the
CoMoly-Al,03 catalyst as monitored by a series of Fourier

Mo—-Mo and Mo-S contributions, and MoP for the Mo—P transforms of the Quick EXAFS scans. Whereas the first
contribution. For other Mo—X contributions, the FEFF 8 Fourier transform is that of the untreated sample at room
code was used to generate theoretical refereficgs MoP temperature, the others were collected at increasing tempera-
was prepared by direct reduction of amorphous molybde- ture upon sulfidation with the #6/H, mixture. The numbers
num phosphat@l6]. The calibration of the references was on the ordinates indicate the average temperature ranges dur-
carried out as described [h7]. Similar to the XAFS spectra  ing the scan. In the Fourier transform of the spectrum of the
of the catalysts, the reference spectra were measured at ligfresh catalyst, the signal between 0.6 and 2.5 A can be as-
uid nitrogen temperature, thus optimizing the references for signed to the octahedral coordination of the Mo absorber
the data analysis. atom by oxygen atoms. The signal between 3.1 and 3.7 A
arises from a Mo—Mo shell, which suggests the presence of
polymolybdate in the catalyst precursor. The same result was
reported by Cattaneo et al. for a NiMo catalyst supported on
y-Al203 [18]. Fig. 1A shows that, despite the sulfiding treat-
ment, the oxidic phase is stable up to about 108However,
both Mo—O and Mo—Mo signals broaden, and, at the same
Table 1shows the HDS activities of the catalysts under time, a new signal appears between 1.8 and 2.5 A. The ef-
study. As shown previously, there is a synergistic effect of fect of sulfidation becomes evident in the Fourier transform
phosphate and triethylene glycol, which leads to the highestof the spectrum measured at 132 (Fig. 1B). At this stage,
activity for CoMoP-TEGy-Al 03 [7]. It was proposed that  the new signal between 1.8 and 2.5 A has clearly replaced
triethylene glycol interacts strongly with-Al O3, prevent- the original Mo-O signal, and the signal corresponding to
ing the decomposition of the Co-diphosphopentamolybdate the Mo—Mo shell of the polymolybdate has disappeared. The
complex on the surface of the support. This leads to the signal between 1.0 and 1.8 A, due to Mo—O contributions, is
stabilization of a Co-diphosphopentamolybdate species onstill present, however. The new signal between 1.8 and 2.5 A
the support, in which cobalt and molybdenum are in close was also observed by Cattaneo et al., who attributed it to the

3. Results

3.1. HDSactivity
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Fig. 1. Fourier transforms of in situ Mo K-edge QEXAFS during the heating of CeMahOg in a flow of HyS and H.
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Fig. 2. Fourier transforms of the in situ Mo K-edge QEXAFS during the heating of CojéP403 in a flow of HoS and H.

Mo-S shell of an Mo&like specied18]. The signal of this very broad, and a Mo—S contribution is present between 1.8

species reaches a maximum at 265(Fig. 1B). Moreover, and 2.5 A. Moreover, a signal at about 3 A, arising from a
a shoulder at about 3 A, which arises from the Mo—Mo con- Mo—Mo contribution, appears at about 2%0. These con-
tribution of M0Ss, is visible as well. tributions increased steadily in intensity until the end of the

When the temperature increases further, the coordinationsulfiding treatment, and no intermediates formed. At the end
of Mo changes again. The amplitude of the Mo-S signal sud- of the sulfidation Mog was detected.
denly moves from about 2.5 A to a lower valugid. 1A) Figs. 3A and 3Bshow the sulfidation of the CoMoP-TEG/
and decreases substantialyig. 1B). At the same time, the  y-Al,0O3 catalyst. As previously reportdd], the molybde-
Mo—Mo signal moves from about 3 A to a higher value. num in the oxidic precursor is mainly present as a cobalt
This indicates that the MaSlike species has decomposed phosphomolybdate salt. The signal between 0.9 and 1.8 A
to the more stable MgS The amplitudes of the Mo-S and is due to the octahedrally coordinated oxygen shell, whereas
Mo—Mo signals of Mo$ increase with increasing sulfidation  the signals at 3.1 and 4.2 A result from the overlap between
temperature, demonstrating the growth of the Ma8/s- the Mo—Mo and Mo—P contributions:ig. 3A shows that
tallites. Also in the presence of TEG in the CoMo-TEG/ these signals broaden with increasing sulfidation tempera-
y-Al,03 sample, the same three phases were observed inture. At 215°C a signal corresponding to a Mo-S contri-
the QEXAFS sulfidation patterns (not shown here). bution appears at about 2.1 A. Although at this tempera-

The effect of phosphate on the sulfidation of the CoMoP/ ture the Mo—Mo and Mo—P signals disappear, a very broad
y-Al,03 catalyst is shown irFigs. 2A and 2B A Raman Mo—O contribution is still present. At 24 an additional
and Mo K-edge EXAFS spectroscopy study of the structure peak, arising from a Mo—Mo contribution, is present at about
of this catalyst precursor showed that the diphosphopenta-2.9 A. When the sulfidation temperature increases above
molybdate anions in the impregnation solution decomposed324°C, the Mo-O signal disappears and the Mo—Mo con-
to phosphoaluminate and aluminum molybdate when the so-tribution moves to a larger distance.
lution came into contact witly-Al203 [7]. The FT of the Fig. 4shows the increase in the Mo—S coordination num-
Mo EXAFS of the oxidic CoMoP/-Al 03 sample Fig. 2A) ber, as obtained by quantitative analysis of each QEXAFS
mainly shows a large signal between 0.6 and 1.8 A, corre- spectrum versus the sulfidation temperature for all four cat-
sponding to Mo atoms tetrahedrally coordinated by oxygen alysts. The trend of the Mo-S coordination number of the
atoms, and a weak signal between 3.1 and 3.7 A is dueCoMoly-Al,03 and CoMo-TEGy-Al,03 samples with in-
to a Mo—Al contribution[7]. In this chemical environment,  creasing sulfidation temperature is very similar to that shown
molybdenum is affected by the sulfiding treatment at about by Cattaneo et al. for the sulfidation of NiMo catalysts sup-
190°C. In the Fourier transform of the spectrum collected ported ony-Al,0O3 containing various amounts of chelating
at this temperature, the signal due to the oxygen shell isligands like NTA and EDTA[18]. The Mo-S coordination
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Fig. 3. Fourier transforms of the in situ Mo K-edge QEXAFS during the heating of CoMoP44AG/03 in a flow of HoS and H.
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Fig. 4. Mo—S coordination numbers resulting from the Mo K-edge QEX-  Fig. 5. Mo-S distance resulting from the Mo K-edge QEXAFS data fits.
AFS data fits.

show that in the phosphate-free CoMeAl,O3 and CoMo-
number reaches a maximum at about 260At this temper- TEG/y-Al,03 samples, a Mo-S contribution was already
ature the Mo—S coordination number in the CoMail,O3 observed at 100C. The corresponding signals, probably due
sample is 4.7. At higher temperatures it drops to 3.5, and to a MoS-like species, increase in intensity up to 28D
at about 350C it increases again to 4.8. In the case of the but suddenly broaden at higher temperatures, shift to shorter
CoMo-TEGH -Al,03 sample, the Mo-S coordination is 3.3 distance values, and finally remain stable until the end of
at about 250C; at higher temperatures it first decreases to 2 the treatmentHigs. 1A and 1B. At this stage the presence
and then increases to 5.5. In the case of the CoMaR 503 of Mo$; is detected. In summary, the formation of Ma8
and CoMoP-TEG/-Al,03 samples, the trend is more con- the phosphate-free samples took place through the formation
tinuous than in the phosphate-free samples. The Mo-S co-of an MoS-like intermediate, which decomposed at about
ordination numbers of both catalysts increase continuously 250°C.
and reach a plateau of about 6. The plots of the Mo-S dis- The sulfidation is different in the case of the phosphate-
tance as a function of the sulfiding temperatuég( 5 containing CoMoPR/-Al,03 and CoMoP-TEG/-Al203
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Table 2
Structural parameters resulting from the Mo K-edge Fourier-filtéfedieighted EXAFS functions of the final sulfided catalystsR(= 0.5-3.3 A)
Catalyst Shell Coordination Coordination Debye—-Waller Energy Goodness
number distance factor shift of fit
N R (A) 103A02 (R2) AEq (eV) )
(+10%) (+1%) (+5%) (+10%)
CoMoly-Al,03 Mo-S 4.8 2.41 4.3 -7.0 0.79
Mo—-Mo 2.5 3.18 8.1 —-7.8
CoMo-TEGk-Al>03 Mo-S 55 2.40 4.8 -5.2 0.9
Mo—-Mo 3.6 3.17 9.6 5
CoMoP#/-Al,03 Mo-S 5.8 2.36 8.3 -21 0.14
Mo—-Mo 1.9 3.15 8.4 -1.0
CoMoP-TEG§-Al,03 Mo-S 6.0 2.40 5.7 —2.6 0.23
Mo—-Mo 3.0 3.17 6.8 -5.0

catalysts. The CoMoR£Al O3 catalyst starts to show a
Mo-S contribution at 150C, probably arising from the
MoS, species[19]. Between 150 and 22% the Mo-S
distance decreases steeply from 2.46 to 2.36 A; this value
remains constant until the end of the treatment. The pres-
ence of TEG in the CoMoP-TE@/Al,O3 sample had a
different effect on the sulfidation of this catalyst precursor
(Fig. 5. A Mo-S contribution at 2.40 A was detectable at
about 175C, which shortened to 2.35 A at 256 and in-
creased to 2.40 A with a further increase in temperature.
The distance of 2.40 A was the same as that found at the end
of the sulfidation of the CoMg/-Al,O3 and CoMo-TEG/
y-Al203 samples.

3.3. Mo K-edge EXAFS

We performed classical EXAFS measurements of the four
catalysts at 400C, while flushing with the H/H2S mix-
ture. The results of the data analyses show that the sulfided
noncalcined CoMag/-Al,03 catalyst has the lowest Mo-S
coordination numberTable 2. This indicates that either not
all of the Mo$S crystallite edges are saturated with S or that
some of the Mo edge atoms are coordinated to oxygen. In
the presence of phosphate and/or TEG, the Mo—S coordina-Fig. 6. Fourier transforms of the in situ Co K-edge QEXAFS during the
tion number increases, reaching full octahedral coordination heating of CoMoy -Al20g in a flow of HpS and H.
for CoMoP-TEG{/-Al,03. Three of the four catalysts have
a Mo-S distance of 2.41 A, typical of the 2H-Mpphase. Debye—Waller factor revealed that, in the presence of TEG,
Only the CoMoPy-Al,03 sample showed a Mo-S distance the Mo$ crystallites have an even lower static order than in
of 2.36 A, which is typical of the Mo—S distance in the 3R— the CoMoj/-Al,03 catalyst. The presence of phosphate and
MoS, phase[20], as calculated from the crystallographic TEG in the catalyst has, however, a beneficial effect on the
data available in the ICSD databafi]. Comparison of ~ CoMoP-TEG}-Al,0s catalyst, since this catalyst has the
the Mo—Mo coordination numbers and the Debye-Waller lower Debye—Waller factor, indicating a better static order
factors enables us to evaluate the state of static order andTable 2.
crystallinity of the Mo$ slabs. The CoMa/-Al,03 sample
has a Mo—Mo coordination number of 2.5, corresponding 3.4. Co K-edge Quick EXAFS
to a Mo$ crystallite size of 20 A[22]. The rather high
Debye—Waller factor, calculated from the data fit, indicates  The sulfidation of Co in the catalysts was investigated
that Mo$ in this catalyst has a low static order. As shown by means of Co K-edge QEXAFSig. 6). The Fourier
in Table 2 phosphate and TEG have an opposite effect on transform of the QEXAFS of the fresh CoMo/Al,O3
the Mo—Mo coordination number. Whereas the Mo—Mo co- catalyst shows a large signal between 0.5 A and about
ordination number of the CoMo-TE§/Al,O3 sample is 2.5 A, which is due to a Co-O contribution. A small
3.6, it is 1.9 in the CoMoR/-Al,03. However, the high peak is also present between 2.3 and 3 A, probably due
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Fig. 7. Fourier transforms of the in situ Co K-edge QEXAFS during the

heating of CoMoP}#-Al»03 in a flow of HoS and H.

to a Co—Al contribution. At about 14Z the Co-O peak
starts to shift to a larger distance; this indicates that oxy-
gen is being replaced by sulfufig. 7 shows the FT of
the Co K-edge QEXAFS of CoMoRfAl,0Os. The fresh
catalyst shows one signal corresponding to a Co—O con-taneo et al. for noncalcined NiMp/Al 203 [18]. We recog-
tribution but no signal at larger distances. For this cata- nized three temperature regions during the sulfidation of

normalized w(E) a.u.
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lyst oxygen is being replaced by sulfur already at 100
The sulfidation of CoMo-TEG/-Al>,03 and CoMoP-TEG/
y-Al203 (both not shown here) showed hardly any differ-
ences from the trend observed for the previous catalysts.

A more precise picture of the sulfidation of Co in the four
catalysts is achieved by monitoring of the XANES spectra.
The XANES spectra of the fresh oxidic CoM@RAI>O3
sample are characterized by a white-line feature around
7725 eV, which decreases in intensity with increasing tem-
perature Fig. 8). At the end of the sulfidation, the white line
totally disappeared. By means of a linear combination fit, it
is possible to evaluate the sulfidation rate of Co in the cata-
lyst[23]. The spectrum of a sulfided sample is considered to
consist of a linear combination of the spectrum of the fresh
oxidic catalyst and the spectrum collected after sulfid ation at
400°C. The results for all four catalysts are showrrig. 9.

It is clear that the presence of phosphate and TEG increases
the sulfidation Co in the catalysts.

4. Discussion

In this section we discuss the effect of phosphate and gly-
col on the mechanism of sulfidation of molybdenum and
cobalt. The results are correlated with the HDS activity.

4.1. Molybdenum

The results obtained for the sulfidation of noncalcined
CoMoly-Al,03 are consistent with those obtained by Cat-

Increasing sulfidation temp.

Final sulfidic sample

Fresh oxidic sample

7650

7700

7750 7800 7850

Energy (eV)

Fig. 8. Normalized in situ Co K-edge XANES during the heating of CoMoRI»O3 in a flow of HS and H.



266

0.9 1 -
0.8 1
0.7 1 s
0.6
0.5

0.4 1

Degree of sulfidation

0.3 1

0.2

0.1

D. Nicosia, R. Prins/ Journal of Catalysis 231 (2005) 259268

—e— CoMo/y-Al,O4

—o - CoMo-TEG/g-Al,O4
—_a-- CoMoP/-Al,0O4

_ a — CoMoP-TEG/y-ALLO;

70 120 170

220

270 320 370

Sulfidation temperature (°C)

Fig. 9. Degree of sulfidation of Co in the CoMo catalysts as obtained by a linear combination fit of the Co K-edge XANES spectra of fresh oxidic and final

sulfided sample.

CoMoly-Al203. The first region is related to oxidic molyb-
denum arising from polymolybdate, the formation of which
was favored by the basic pH of the impregnation solution.
Because of the high pH, the-Al,O3 surface was negatively

and the promoter Co(Ni) atom by weakening the interaction
with the alumina support, thus leading to a better catalytic
performance. The Mo K-edge QEXAFS of the CoMoP/
y-Al,03 catalyst shows the presence of only two phases:

charged, preventing a good dispersion of the molybdate andthe oxidic phase and the final sulfidic 3R—Meltke phase,
inducing it to polymerize on the surface of the support. The as shown from the Mo—S distance of 2.36 A, typical of the
second region in the QEXAFS was attributed by Cattaneo et 3R—-MoS allotrope[20]. Moreover, the catalyst in the final

al. to a MoS-like species. As shown ifigs. 1A and 1B
this phase is stable up to 256; at higher temperature it de-
composes to MoS However, the low Mo—S coordination
number, obtained from the EXAFS data analy3iahle 2,
indicates that the MofSslabs are not fully saturated by sul-
fur. This might be due to the presence of Mo—O—-Al bonds
of Mo atoms at the edges of MpSn the alumina sup-
port, which are very difficult to cleave. In the sulfidation of
the CoMo-TEGy -Al,03 sample, we observed the same se-
guence of three phases: polymolybdate, a Mbi& phase,

sulfidic state showed a Mo—S coordination number of 5.8. As
expected from the presence of phosphate, the\tehs are
well sulfided. We cannot exclude the possibility that also in
the phosphate-containing catalysts the Miike phase is an
intermediate, and that the phosphate delays its formation to a
higher temperature. By the time it starts to form, its decom-
position to Mo$ is already fast, so that the resulting MpS
concentration is low and barely detectable.

The CoMoPy-Al,03 catalyst showed the lowest Mo—
Mo coordination number, indicating a good dispersion.

and Mo$S. At low-temperature TEG decreases the degree However, judging from the high Mo—Mo Debye-Waller
of Mo sulfidation of the initial Mog-like phase in CoMo- factor (Table 2, the static order was low. This effect can
TEG/y-Al,03 (Fig. 4). However, at the end of the sulfiding be explained on the basis of previously published results
treatment, the Mo—S and Mo—Mo coordination numbers of [7,23,24] Upon impregnation of the support, the phos-
the final Mo$ are higher than that of CoMp/Al 03, sug- phomolybdate species that were present in the impregna-
gesting that the MoSedges are more saturated by sulfur tion solution decompose to aluminum phosphate and alu-
and that the crystallites are bigger. This is confirmed by the minum molybdate. Because of the random occurrence of
EXAFS analysis Table 9. These results suggest that TEG this process, various agglomerations of molybdate species
hinders the interaction of heptamolybdate with the alumina will be present on the alumina surface. Since no calcination
support, thus favoring a better polymerization of this species. was applied, these species remained disordered on the sur-

The sulfidation of the CoMoRFtAI,O3 and CoMoP- face of the support, thus causing disorder in the final MoS
TEG/y-Al,03 samples follows a mechanism completely as well. TEG prevents the phosphomolybdate species from
different from that of the phosphate-free catalysts. Phosphateinteracting with the support. As a result, these species may
is well known for its beneficial effect on the performance of precipitate as cobalt salt on the support without undergoing
a supported Co(Ni)Mo catalyst. The effect of phosphate was decomposition and redispersion.

reviewed and discussed by lwamoto and Grimifi#gf] and
Sun et al.[25], who explained that the main role of phos-
phate is to favor better sulfidation of both the molybdenum

The use of TEG together with phosphate had an effect
on the sulfidation mechanism of the CoMoP-Tk&KI,03
catalyst precursor. Froffig. 3it is unclear whether the sulfi-
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dation of this catalyst took place in two or three stépgs. 4 very different, however, as shown by the XANES data as a
and 5give a clearer picturerig. 4 shows that, although the  function of the sulfiding temperatur€&if. 9. The presence
sulfidation of CoMoP-TEG/-Al O3 started at high temper-  of additives strongly modified the local structure of cobalt,
ature (about 200C), the eventual Mo-S coordination num- such that the sulfidation of Co shifted to lower temperature in
ber is the highest for the four catalysts. This is probably due the catalyst precursor. A similar trend was found by Cattaneo
to the fact that TEG may favor the precipitation of large Co- et al. for the sulfidation of Ni in NiMo/-Al,O3 catalysts.
diphosphopentamolybdate islands over the support, in whichThey explained this by inferring that Ni strongly interacts
both the Mo—O-Mo and the Mo—O-P bonds must be cleavedwith the support, and, hence, the sulfidation of Ni is retarded
to obtain the final Mo%& This can be achieved only when [18]. In the same way, cobalt may react with the support and
TEG decomposes; this process takes place abov€ @00 retard the sulfidation in the CoMpfAl,0O3 sample.
At this temperature, the phosphate moiety of the phospho-  One of the beneficial effects of phosphate is to hinder the
molybdate can react freely with the alumina surface, for interaction between the catalyst precursors and the alumina
which it has a high affinity, to leave behind the molybdate. support by forming AIPQ@. Moreover, we proved that TEG
This phenomenon is clearly visible Fig. 3, where the sig- can also react strongly with the alumina support, thus hinder-
nal between 3.1 and 4.0 A disappears at 22 Fig. 5shows ing the interaction with the catalyst precursors. These con-
that, at this sulfidation temperature, a 3R—MédiRe phase siderations explain the increase in the degree of sulfidation
formed in the CoMoP-TEG/-Al,03 sample. However, at  of Co observed for CoMo-TEGF£AI,03, CoMoP} -Al ,03,
about 300 C the Mo-S coordination distance increased, in- and CoMoP-TEG/-Al>03. Moreover, Cattaneo et al. also
dicating a further change in the MgStructure. Finally, at  observed that the NTA chelating ligand added to NiMo/
350°C the 2H-Mo$ phase formedKig. 5. Table 2shows y-Al 03 catalysts increased the sulfidation degree of nickel,
that this catalyst has high Mo—S and Mo—Mo coordination although this did not result in an increase in the HDS activ-
numbers and the lowest Mo—Mo Debye—Waller factor, indi- ity [18].
cating the highest static order. We have to stress that, since calcination of the samples
A check for the presence of various phases in an in was not applied, the different sulfidation pattern observed
situ QEXAFS experiment is the presence of isosbestic in the two sets of catalysts (phosphate-free and containing
points in the spectra. The normalized Mo K-edge XAFS phosphate) might be partially affected by the fNOand
of the CoMo}/-Al,03 and CoMoP-TEG/-Al,03 samples NH4™ ions still present in the CoMgtAl,O3 and CoMo-
(Fig. 10 shows that only the XAFS of CoM@tAl,03 does TEG/y-Al 03 oxidic catalysts.
not have isosbestic points, indicating that intermediates are
involved in the sulfidation of this catalyst. This confirms the 4.3. HDSactivity and role of the additives

QEXAFS analyses.
The activity of HDS catalysts depends strongly on the fi-

4.2. Cobalt nal sulfidic structure. The CoMp£Al,O3 catalyst had the
same HDS activity as CoMo-TE§#Al,O3. However, the
The Co K-edge QEXAFS experiments showed that phos- presence of phosphate caused an increase in the HDS activ-
phate and TEG have a similar effect on the sulfidation of ity from the CoMoj/-Al,O3 to the CoMoPy-Al,03 sam-
CoMo-TEGH-Al,03, CoMoP#/-Al203, and CoMoP-TEG/  ple. The sulfidation profile for the latter catalyst showed
y-Al203. The sulfidation pattern of CoMptAl,O3 was that the Mo$ phase started to form at a lower temperature
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Fig. 10. Normalized in situ Mo K-edge XANES of (A) CoMoP-TEGAI,03 and (B) CoMoj -Al,O3 during the heating in a flow of 46 and b.
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and that no intermediates were formed. This allowed a bet- a better saturation of the Mg®dges. The presence of TEG,
ter sulfidation of the molybdenum precursor and, therefore, in addition to phosphate, improved the static order of koS

a higher catalytic activity. In the CoMoP-TE{/Al 03 cat- thus favoring a better homogeneity of the most catalytically
alyst, the formation of Mogtook place at a lower tem-  active Co—-Mo—S phase. Phosphate and TEG increased the
perature as well. The sulfidation of this sample showed al- sulfidation rate of cobalt. Nevertheless, this faster sulfidation
most the same pattern as that of CoMpfAl,03, and the does not lead to higher HDS activity in the case of TEG. In
catalytic activity was even higher. The presence of both contrast to the findings of Cattaneo et[&l.18,23] no cor-
phosphate and TEG prevents the decomposition of the Co-relation was found between late sulfidation of Co and high
diphosphopentamolybdate species on the alumina supportcatalytic activity.

This facilitates the formation of the most active Co—Mo-S

structure, which spreads more homogeneously over the sur-
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CoMoly-Al,03. This suggests that, in the absence of phos-

phate, cobalt is not located in the vicinity of molybdenum.
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