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Abstract

Alumina, titania and zirconia supported HDS catalysts have been prepared by incipient wetness impregnation with three solutions respectively
based on ammonium heptamolybdate (AHM) and cobalt nitrate, P,M050,3° and Co,Mo0;0035H,®~ cobalt salts. Raman spectroscopic analysis of
oxidic precursors indicate that at high Mo loadings, MoO5; and CoMoQO, are present on alumina and zirconia in the AHM based materials whereas
TiO, appears as the more dispersive support whatever the impregnating solution. The thiophene HDS performances of these catalysts have been
evaluated and the results are correlated to the dispersion of the oxomolybdate species in the oxidic precursor and to the promotion of the active
phase. This study shows that the Co,Mo,¢03gH,®™ cobalt salt is the most efficient precursor that leads to higher dispersion and higher promoting

effect.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Innovation in the development of hydrotreatment catalysts
has been driven by the need to produce clean fuels, based on the
pressing requirement for environmental protection. If we
consider the Co—-Mo—Al,Oj; system, the active phase consists of
well-dispersed MoS, nanocrystallites decorated with Co atoms
[1]. These active phases are obtained through the sulphidation
of an oxidic precursor prepared by incipient wetness
impregnation of a <y alumina with an aqueous solution
containing the elements to be deposited. Ammonium hepta-
molybdate (AHM) and cobalt nitrate are generally used for
conventional preparation. Many different approaches have been
proposed to improve the preparation of these CoMo oxidic
precursors like using supports with various acidic properties,
additives in the impregnating solution or using new starting
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materials for the preparation of the impregnating solutions.
Particularly the use of different types of heteropolymolybdate,
with Keggin, Dawson or Anderson based structures, have been
proposed as starting materials for the oxidic precursors
preparation [2—-5]. Recently Cabello [6] has proposed the use
of ammonium salt of [C02M0]0038H46*] heteropolyanion
(HPA), a dimer structure deriving from the well-known
Anderson one. It allows these authors to prepare CoMo-based
catalysts that present a higher promoting effect of cobalt in
thiophene HDS than the conventional one based on the use of
AHM and cobalt nitrate. In the dimer structure, the proximity of
cobalt and molybdenum elements can be considered, according
to the van Veen’s principle [7], as a criterion for obtaining good
promoting effect of Co atoms. In a recent work [8] we therefore
propose the preparation of oxidic precursors with well-defined
Anderson based HPA. In particular the use of cobalt salts
allowed us to increase the Co/Mo atomic ratio [9]. For
[C02M010038H46_](C02Mo]0) cobalt salt, a Co/Mo ratio equal
to 0.5 is reached, corresponding to the optimum value in the
case of conventional preparations. Compared to other Anderson
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based HPA and to conventional preparations, this HPA cobalt
salt appears as the best starting material for the preparation of
HDS catalysts with improved performances [10].

Most of the commercial hydrodesulphurization catalysts
contain phosphorus as additive. It has been shown [11] that the
addition of phosphorus in conventional impregnating solutions
permits to improve the dispersion of the oxomolybdenum
species thanks to the formation of the diphosphorepentamo-
lybdenum HPA [P,Mo050,3°7]. Such molybdo-phosphate based
impregnating solutions can be obtained by direct dissolution of
molybdenum oxide in a phosphoric acid solution, the cobalt
being introduced in the solution as a carbonate salt or as cobalt
hydroxide (Co(OH),) [12,13]. This new method allowed us to
prepare impregnating solutions in which the cobalt ions are in
the vicinity of the P,Mo050,3%~ HPA structure and without any
foreign counterions such as nitrate or ammonium.

Modification of the alumina carrier or use of other supports
has also been proposed to improve the catalytic performances
of these CoMo based catalysts. Among the available supports,
titania and zirconia appear as the most interesting ones.
Moreover many improvements in the preparation of TiO, and
71O, were achieved and supports with higher specific area and
larger pore diameter are now available. For example, molten
salt TiO, preparation provides good textural properties with
higher specific surface area (120 m*g) [14] and Chiyoda
Corporation developed mesoporous TiO, (120 m?/g) based on
an aqueous precipitation method called ‘“‘pH-swing”’[15].
Numerous efforts have also been devoted to the preparation
of ZrO, for hydrotreatment applications. From a catalytic point
of view, although titania and zirconia have a small surface area
compared to alumina, TiO, and ZrO, supported MoS, catalysts
present respectively 3-5 times higher hydrodesulphurization
and hydrogenation activities than alumina supported ones with
an equivalent Mo loading per nm? [16]. To explain this
improvement it has been suggested that the active phases
supported on TiO, (ZrO,) are uniformly dispersed on the
support surface and are better sulphided than on alumina [17].
The electronic effect of the support has also been proposed, Ti**
being considered as a promoter in the decoration position of the
MoS, slabs [18]. It is also suggested that catalytic activity
depends not only on the MoS, morphology but also on the
orientation of the MoS, slabs on the support. Shimada [19]
suggests that the surface structure of TiO, facilitates the
formation of edge-bonded MoS, clusters. Considering the
active phase, different size and stacking of MoS, slabs on
supports were proposed to be responsible for better activities on
TiO, or ZrO, [20]. However for promoted system, the
synergetic effect of Co and Mo is less efficient on TiO,
(ZrO,) than on alumina [16]. In recent theoretical studies,
Arrouvel et al. proposed that shorter MoS, crystallites are
stabilized on TiO, [21] and Costa et al. explained that Co
promotion could be rather the same on alumina and TiO, but the
“quality” of the CoMoS sites would be inferior on TiO, due to
a different linkage on the support [22].

This work will tackle the preparation of catalysts supported
on alumina, titania and zirconia prepared by incipient wetness
impregnation of the support with the three above-mentioned

CoMo based impregnating solutions. Various physical techni-
ques will be used to characterize the genesis of the oxidic
precursor as well as the dispersion of the active elements. After
sulphidation the thiophene HDS performances will be
evaluated.

2. Experimental
2.1. Preparation

2.1.1. Preparation of the impregnating solutions
Impregnating solutions were prepared according to three
different routes:

(1) Dissolution of AHM and cobalt nitrate in water, the Co/Mo
ratio being equal to 0.5. This conventional impregnating
solution, which will be named hereafter CoAHM, contained
Co**, M0,0,,%~, NH,* and NO; ™~ ions.

(2) Dissolution in water under reflux at 80 °C of a mixture
containing MoOj3;, H3PO, and CoCOj3. The P/Mo and Co/
Mo atomic ratios were respectively equal to 2/5 and 0.5.
This second impregnating solution, which will be named
hereafter CoMoP, contained P2M0502367 and Co”" ions.

(3) Dissolution in water of the Co3Co,Mo0;¢0O33H,4 salt (Co/
Mo = 0.5).

Preparation of ammonium salt (NH,)¢[Co,Mo0;9O38H,4] is
described in the literature [18]. Cobalt salt of the dimer
[C02M010038H4]67 heteropolyanion was obtained by cationic
exchanges in aqueous solution, Cos;,PMo0;,04 being the
Co precursor for this exchange. This impregnating solution,
which will be named hereafter Co,Mo;oCo, contained
[C0,Mo0;¢035H,41°~ and Co** jons.

2.1.2. Preparation of the oxidic precursors

The characteristics of the three used supports are reported in
Table 1. The oxidic precursors were prepared by incipient
wetness impregnation of y alumina, TiO, and ZrO, extrudates
with the three aforementioned impregnating solutions. For a
given support three series of solids have been prepared with
various amounts of Mo, the Co/Mo ratio being fixed (0.5). The
maximum Mo loading depends on the solubility in water of the
starting salts [AHM: 1.74 mol Mo per L and Cos[Co,.
Mo,¢O35H4]: 1.80 mol Mo per L] and principally on the
support pore volume. Whatever the series, the Mo loading is
expressed as a MoO; wt.% and the highest one that can be
obtained with the Co,Mo;(Co impregnating solutions is
reported in Table 1. The corresponding values of the number
of molybdenum atoms per nm? (noted dMo) are also reported.
After 2 h of maturation, in order to let the species diffuse into
the extrudates, the solids were dried under air at 100 °C, and
then calcined at 500 °C for 4 h under pure oxygen.

The oxidic precursors were designated according to the
nature of the impregnating solution as XAHMCoA, XCo-
MoPT, XCo,Mo,¢0CoZ where X is the molybdenum loading,
A, T or Z corresponding to alumina, titania or zirconia
respectively.
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Table 1
Supports Characteristics metal loading expressed as MoO3 (wt.%)
Support Crystallographic phase PzC* BET surface area (m*/g) Pore volume (cm?/g) MoO;

wt.%" dMo®
Al,O4 Gamma ~9 200 0.8 16 3.6
TiO, Anatase ~6 100 0.4 10 4.2
710, Monoclinic (85%), tetragonal (15%) ~6 100 0.4 10 4.2

 Point of zero charge.

® Highest metal loading of the oxidic precursor obtained from Co,Mo,;¢Co solution by the incipient wetness impregnation method.

¢ Molybdenum atoms nm 2.

Mo loadings have been checked by X-ray fluorescence
(Service Central d’Analyses du CNRS, Vernaison-France).

2.2. Characterization techniques

2.2.1. Raman spectroscopy

Raman spectra of the samples, maintained at room
temperature, were recorded using a Raman microprobe
(Infinity from Jobin-Yvon), equipped with a photodiode array
detector. The excitation laser source was the 532 nm line of an
Nd-YAG laser, with a wavenumber accuracy of 2 cm~!. The
spectra were recorded in the 100-1100 cmfl, however, due to
the intense lines of titania or zirconia supports, only the 800—
1100 cm ™! spectral range characteristic of the Mo—O stretching
vibrational modes is presented here.

2.2.2. High-resolution transmission electron microscopy

The high-resolution electron microscopy studies (HREM)
were performed on a Tecnai microscope (200 kV). The sample
was dispersed in heptane using an ultrasonic device and then
deposited on carbon films supported on copper grids.

2.2.3. XAS spectroscopy

Mo and Co K-edge EXAFS (extended X-ray absorption fine
structure) measurements were carried out in the Deutches
Electronen Synchrotron (DESY, Hamburg) at the EXAFS
beamline XI, using synchrotron radiation from the Doris III
storage ring, running at 4.5 GeV. The sulphidation was
performed directly in the in situ EXAFS cell under a flow of
H,/H,S (90/10) at 400 °C for 2 h.

The Mo and Co K-edges EXAFS regions of the spectra were
extracted and analysed using A. Michalowicz’s software
packages EXAFS 98 ppc and Round Midnight. The EXAFS
spectrum was first transformed from k-space (k°, Kaiser
window 3.7-13.3 A~! for the Mo K-edge and 2.2-14.9 A~! for
the Co K-edge) to R-space to obtain the radial distribution
function (RDF). The EXAFS spectrum for one or several
coordination shells was isolated by inverse Fourier transform of
the RDF over the appropriate region and fitted using the single
scattering EXAFS equation with amplitude and phase functions
calculated by FEFF using the interatomic distances deduced
from reference compounds.

2.2.4. XPS
XPS experiments were performed using a vacuum generator
Escalab 220X1 spectrometer. A monochromatized aluminum

source was used for excitation. Binding energy (BE) values
were referenced to the binding energy of C 1s (285 eV) and
have been given with an accuracy of +0.1eV. After their
sulphidation under Hp/H,S (90/10) for 4 h at 673 K, samples
were transferred in the spectrometer chamber using a gloves
bag in order to avoid any reoxydation.

2.3. Catalytic activity

Catalytic activities for thiophene HDS were measured at
atmospheric pressure in a flow-bed reactor packed with 200 mg
of catalyst. The oxidic precursors were sulphided at 673 K for
2 hunder a flow (100 mL minfl) of H,S/H, mixture (10/90) in
the catalytic reactor, then the temperature was cooled down to
573 K. After purification by vacuum distillation, thiophene was
introduced in the reactor at constant pressure (50 torr) in a flow
of purified hydrogen (20 mL min~'). The reaction products
(butane and butene) were analysed by gas chromatography.

3. Results

3.1. Raman analysis of the oxidic precursors after
maturation, drying and calcination

3.1.1. Alumina support

Among the supports, alumina is the most studied and
numerous results have already been reported in the literature on
conventional oxidic precursors prepared with AHM and cobalt
nitrate. After maturation, Raman spectra of the AHMCoA with
high Mo loading (>16 MoOj3; wt.%) reveal the presence of
precipitated AlMogO,4Hg(NHy,); salt. After calcination and
transfer in air, Raman spectra at these high Mo loaded oxidic
precursors exhibit the features of bulk oxides as MoOj (lines at
995 and 819 cm™ ') and CoMoOy, (lines at 940 and 818 cm™')
with those of the well-dispersed polymolybdate phase (broad
line centred around 947 cm ™). At lower Mo loadings, only this
latter is observed, that is now considered as consisting of well-
dispersed AlMogO,4He>~ (AIMog) entities [10]. These entities
are formed during the maturation and preserved during the
drying step. However, even if they are destroyed upon
calcination, they are recovered after transfer in air thanks to
the rehydration in wet atmosphere.

When using CoMoP impregnating solution, in agreement
with previous results [12,13], the P2M0502367 HPA entities are
partially preserved on alumina after the drying step whereas
after calcination Raman spectra exhibit the features of the
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Fig. 1. Raman spectra of Al,O; supported oxidic precursors, Co,Mo;oCoA,
after calcination (a), after drying (b), after maturation (c), and of Co,Mo;¢,Co
solution (d).

aforementioned well-dispersed polymolybdate phase (main
line at 950 cm™") until a molybdenum loading of 16 wt.%. At
higher Mo loadings the presence of CoMoOQy is also observed
(spectrum not reported here), which shows the improvement of
the dispersion thanks to the absence of ammonium counterions.

Fig. 1 presents the Raman spectra of the 16Co,Mo;,CoA
oxidic precursor and of the Co,Mo;9gCo solution for
comparison purpose. After maturation and drying, the line at
957 cm ™! indicates the preservation of the [C02M010038H4]67
HPA entities on the alumina support. Moreover, this preserva-
tion has been confirmed by XAS experiments performed at the
Co K-edge [10]. After calcination, only the well-dispersed
polymolybdate species were detected by Raman (Fig. 1(a)),
attesting the good dispersion of molybdenum and cobalt even at
high Mo loading.

Thus the use of the CoMoP and Co,Mo;9Co impregnating
solutions allows us to improve the dispersion.

3.1.2. Titania support

In Fig. 2A are reported the Raman spectra of the calcined
oxidic precursors prepared with the CoAHM and CoMoP
impregnating solutions. Thanks to the textural properties of the
supports the maximum Mo loading (11 MoOj wt.%) corre-

(A)

sponds to the Mo density of the 16 MoO3 wt.% alumina based
catalyst. Whatever the solid analysed, only a broad line around
955-960 cm ' is observed attesting the presence of a well-
dispersed polymolybdate phase.

The Raman spectra of Co,Mo;oCoT oxidic precursors are
presented Fig. 2B. The observation of the line at 957 cm ™' at
the beginning of the maturation is in agreement with the
preservation of the Co,Mo;o HPA. However during the
maturation an evolution of the Raman spectrum is observed,
which shows that the HPA is rapidly destroyed, yielding
polymolybdate entities (characterized by a broad line at
950 cm ') that are maintained after drying and calcination.
Whatever the starting impregnating solutions the formation of
bulk oxide is not evidenced attesting the good dispersion of the
oxomolybdate entities.

3.1.3. Zirconia support

The Raman spectra of AHMCoZ and CoMoPZ oxidic
precursors are presented Fig. 3A. Whereas only a broad line
centred at 945 cm ™' appears on the Raman spectrum of the
10CoMoPZ oxidic precursors, Raman spectrum of 10AHM-
CoZ one exhibits also narrow lines at 818, 940 and 995 cm !
which are characteristic of CoMoO,4 and MoOj5 oxides. For the
preparation of Co,Mo;(,CoZ solids a similar evolution of the
HPA as with the titania based one is observed (Fig. 3). However
the good dispersion is preserved as only the features of well-
dispersed polymolybdate phase is evidenced by Raman
spectroscopy.

3.2. Characterizations of the sulphided catalysts

All these oxidic precursors have been sulphided and
characterized by XPS and EXAFS spectroscopies and HRTEM.

The Fig. 4A and B present respectively the Mo 3d and Co 2p
XPS peaks of the supported Co,Mo;,Co based catalysts. XPS
analyses show no difference in the position and shape of the Mo
3d and Co 2p peaks. The Mo 3d BEs are 228.9 and 232 eV for
respectively the Mo 3ds,, and Mo 3d;/, components and the Co

(B)
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Fig. 2. Raman spectra of TiO, supported oxidic precursors, CoMoPT, after calcination A(a), after drying A(b), AHMCOT, after calcination A(c), after drying A(d),
Co,Mo,(CoT, after calcination B(a), after drying B(b), after maturation B(c), at the beginning of the maturation B(d).
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Fig. 3. Raman spectra of ZrO, supported oxidic precursors, CoMoPZ, after calcination A(a), after drying A(b), AHMCOZ, after calcination A(c), after drying A(d),
Co,Mo,0CoZ, after calcination B(a), after drying B(b), after maturation B(c), at the beginning of the maturation B(d).

2p BEs are 778.9 and 793.7 eV for respectively the Co 2p3/, and
Co 2p;/, components. Quite similar results were obtained for the
AHMCo and CoMoP based catalysts (spectrum not reported
here). In all cases the Mo BEs characterize the presence of MoS,
entities whereas the binding energy difference E(Co 2p) — E(Mo
3d), equal to 520 eV (£0.2 eV) characterizes cobalt atoms in a
decoration position according to the Topsoe’s model.

The morphology of the MoS, slabs was characterized by
HRTEM. The results of the statistic analyses of their length and
stacking for the Co,Mo;gCo catalysts are reported in Fig. 5.
Differences are observed between the 16Co,Mo;yCoA, the
10C0,Mo0;gCoT and 10Co,Mo;(CoZ catalysts, these two latter
being nearly similar. Whatever the starting impregnating
solutions, the highest stacking is observed with the alumina
support, whereas the lowest one is observed with the TiO,
supported catalysts (results not reported here for the CoAHM
and CoMoP based catalysts). Eventhrough a higher quantity
(20%) of short slabs (<23 A) is present on 10Co,Mo;yCoT and
10Co,Mo;7CoZ, the average length of the MoS, crystallites is
similar whatever the support, around 34 A and corresponds to
the average length also observed with the other impregnating
solutions.

. (b)
-"/ \\_/; \L/\ e
e N ©
R
240 235 230 225 220

Binding energy (eV)

EXAFS measurements at the Mo K-edge have been
performed for 16Co,Mo;gCoA and 10Co,Mo;oCoT. The
EXAFS signals and the modulus of the Fourier transform
are presented Fig. 6. The refinement is successful as shown in
Table 2 where are reported the main parameters of the
refinement process, i.e. the number of neighbours N, the
distance R between Mo and its neighbours, Debye—Waller
factor Ao, the shift in energy AFE, and the residue after fitting.
The modulus of the Fourier transform presents the coordination
shells around the Mo atoms: the first shell contains the
contribution of the S neighbours, whereas the second shell
contains the contribution of the Mo neighbours. The EXAFS
spectra and the FT modulus of the two catalysts are very similar
indicating that in both cases the same MoS, phase is formed
during the activation process; nevertheless the number of Mo
neighbours as well as the number of S neighbours appears
smaller in the case of TiO, supported catalysts. This decrease of
the N(Mo—Mo) coordination is then not in, relation with the
aforementioned particles size on TiO, (34 A as on Al,O3). It
appears very difficult to estimate the particle size with EXAFS
experiments and a theoretical study correlated with EXAFS
experiments [23] have shown that the presence of distortions

FAnA

810 800 790 780 770
Binding energy (eV)

Fig. 4. Mo 3d (A) and Co 2p (B) XPS lines of sulphided Co,Mo,7Co based catalysts supported on Al,O3 (a), TiO, (b) and ZrO, (c).
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Fig. 5. Statistic analyses (length and stacking) of MoS, crystallites from
HRTEM pictures of Co,Mo;oCo based catalysts supported on Al,O3 (a),
TiO, (b) and ZrO, (c).

(for example sulphur vacancies) influences the calculation of
the apparent N(Mo—Mo). In situ measurements under various
atmospheres have been performed and should help for this
determination.

At the Co K-edge, the modulus of the Fourier transform and
the EXAFS signals of 16Co,Mo;yCoA and 10Co,Mo,¢CoT are
presented in Fig. 7. Similarities in the EXAFS spectra are
observed between the two catalysts for the first oscillations,
indicating that the cobalt environment on TiO, and on Al,O;
are quite similar. Changes in the amplitude are better observed
on the Fourier Transform that presents two coordination shells
at the same uncorrected position (1.4 and 1.8 A). The two
contributions are well resolved whereas one broad peak that
should contain more than one contribution are generally
observed for such cobalt based sulphided catalysts [24,25]. The

@ e 9CozMojpCoT
16Co;MojCoA

k*khi(k)

Table 2
Refinements of the Mo K-edge EXAFS signals for 16Co,Mo,o0CoA and
10Co,Mo0;(CoT catalysts

Mo-S Mo-Mo

16Co,Mo0;3CoA 10C0,Mo0(,CoT 16Co,Mo0;90CoA 10Co,Mo;yCoT

N 6.49 6.15 293 2.6
Ao 0.01 0.02 0.01 0.02
R 242 242 3.14 3.15
AE 0.0 0.0 0.0 0.0
Residue 0.02 0.03 0.02 0.03

first shell, that is largely emphasized in the case of TiO,
supported catalyst, is not yet clearly established and could be
assigned to Co-O contribution as suggested by the recent
literature [26] whereas the second one corresponds to Co—S
contributions. However, whatever the solids the formation of
CooSg is not revealed through comparison of CooSg EXAFS
signals reported by Okamoto [27] at the Co K-edge.

3.3. Catalytic results: thiophene hydrodesulphurization

The thiophene conversion versus the molybdenum loading
(expressed as MoO3; wt.%) is reported in Fig. 8 for the nine
types of catalysts (three supports and three impregnating
solutions). They all exhibit a maximum that is however less
apparent in the case of TiO, supported catalysts. Whatever the
support and the impregnating solution the maximum corre-
sponds more or less to the limit of dissolution of the starting
material inside the pore volume of the support considered. The
highest catalytic performances are obtained with the
Co,Mo,gCo alumina based catalysts. We recently assigned
the beneficial effect of this starting material to both an
improvement of promoting effect, the cobalt and molybdenum
being inserted in the same HPA entity, and to an increase the
dispersion of the oxomolybdenum phase at high Mo loading
[10]. The conversions obtained with CoMoPA catalysts are
lower than those observed with Co,Mo;¢CoA in relation to a

(B)
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Fig. 6. EXAFS signal at the Mo K-edge (A) and Fourier transform modulus [4.18-11.58 A’I] (B) of sulphided 9Co,Mo;o,CoT (dotted line) and sulphided

16Co,Mo,(CoA (full line).
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Fig. 7. EXAFS signal at the Co K-edge (A) and Fourier transform modulus [4.00-15.88 A’l] (B) of sulphided 9C0,Mo0,7CoT (dotted line) and sulphided

16Co,Mo;oCoA (full line).

less efficient promoting effect. However an improvement of the
dispersion is observed at high Mo loadings that explains the
shift of the maximum of conversion compared to conventional
CoAHM catalysts. The lower conversion at high Mo loading of
CoHMA is assigned to the dispersion decrease of the
oxomolybdate phase, which is due to the presence of NH,*
ions leading to precipitation of AlMog ammonium salt
[AIMogHO,4](NHy)g. TiO,, as well as ZrO, based catalysts
exhibit lower conversion than the alumina based ones, however
the Co,Mo;9Co starting material appears to be the most
efficient for both supports. Nevertheless, catalytic conversions
measured on zirconia are inferior to those obtained on titania.
Catalysts prepared from CoMoP solution give higher catalytic
conversion than the conventional catalysts as already reported
in literature except on TiO, where the performances are similar.

4. Discussion
The activity of HDS catalysts depends strongly on the exact
nature of the sulphide active phase (morphology and

promotion). Variation of the MoS, slabs stacking is observed
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for the various catalysts but this should not have any effect on
the thiophene HDS conversion because this model reaction is
not sensitive to the stacking. A HRTEM analysis also gives the
same average length of the MoS, crystallites for example on
Co,Mo;3CoA, Co,Mo0,¢CoT and Co,Mo,¢CoZ. Moreover the
XPS spectra are similar whatever the catalysts studied and do
not show the existence of CogSg species in agreement with
EXAFS data. This suggests that the main effect on catalytic
performances is coming from the dispersion of the active
elements in the oxidic precursors which also could affect the
promoting effect.

The Raman study shows that on alumina the use of CoMoP
impregnating solution permits to improve the dispersion at high
Mo loadings, which induces an improvement of the HDS
conversion by comparison to conventional catalysts. Indeed in
these catalysts, the absence of counterions as ammonium
prevents the precipitation of [AIMogHgO,4](NH,)g crystallites
but it also permits a stronger interaction between the Co®* and
the diphosphopentamolybdate species. Both the dispersion and
the promoting effect are improved, less Co atoms being lost in
the alumina support. Similar effects are observed with the

14 (B) CoxMooCoZ
- RS
- " = -
12 s E E ‘E
.4
2o S CoMoPZ
10 i i
.
‘£ HMACoZ
8 I ’
4
6 .
L
T
4 F
5
0 T T 1
0 5 10 15

MOO} wt %

Fig. 8. Thiophene conversion vs. MoO3 (wt.%) for Al,O3 and TiO, supported catalysts (A) and ZrO, supported catalysts (B).
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Co,Mo(Co starting impregnating solution. We have reported in
the experimental part that the solubilities for AHM and
[C02M010038H4]67 HPA are rather similar. So the determining
factor for limiting the dispersion at high Mo loading on
conventional preparation is the formation of [AlIMogOy4
Hg(NHy);] which solubility is low; the precipitation from the
6molybdoaluminate anion being due to the presence of of NH,*
ions in the impregnating solution. In [C02M010038H4]67 HPA, it
can be considered that the Co atoms are directly chelated by the
molybdate ligands. These entities are preserved upon deposition
which also participates to the improvement of the promoting
effect according the van Veen’s principle.

The same comparison performed on the TiO, supported
catalysts does not point out such differences between the uses of
the three impregnating solutions. Indeed Raman spectroscopic
characterizations showed that the dispersion is optimal
whatever the starting solution and the HDS conversion of
the CoMoPT and AHMCoT catalysts are quite similar, which
suggests that the presence of P has neither effect on the
dispersion nor on the catalytic activity. Moreover, the absence
of ammonium counter ions has no effect, which also suggests
the absence of any dissolution—precipitation phenomenon on
TiO,. Thus with the titania support the higher conversion of the
Co,Mo,¢Co based catalyst can only be assigned to the
improvement of the promoting effect induced by the use of
this HPA despite its non preservation on the support after
maturation.

Zirconia supported catalysts are less efficient than the TiO,
ones at similar Mo loading but the conversion of the AHMCoZ
catalyst is lower than the CoMoP one. This can be explained by
the lower dispersion of the oxomolybdate entities on the
CoAHM oxidic precursor as bulk CoMoO, and MoOj; oxides
were identified by Raman spectroscopy. On ZrO,, the use of
CoMoP solution increases the dispersion as observed on
alumina. But here also the higher conversion of the Co,Mo;¢Co
based catalyst is assigned to the improvement of the promoting
effect (by comparison with CoMoPZ) and of the Mo dispersion
at high Mo loading (by comparison with AHMCOZ).

This study of TiO, and ZrO, HPA based catalysts points out
the beneficial use of the C02M010038H467 species. Only the
particular structure of the later HPA where Mo and Co are
inserted in the same entity can explain the highest activity in
thiophene HDS.

Thus whatever the support used, the heteropolycompound
Cos[Co,MogO3gHy] appears as the starting material that
induces on improvement of the thiophene HDS conversion
thanks to the improvement of the dispersion in the oxidic state
and/or of the promotion in the sulphided state. The best
activities (obtained with Co,Mo,3Co impregnating solution)
are respectively 4.09 x 107", 3.65 x 107" and 2.40 x
10" thiophene mol (Mo mol s)~" for Al,O3, TiO, and ZrO,
supported catalyst and are obtained for different Mo loadings
but corresponding to similar Mo density (number of Mo per
nmz—dMo), i.e. around 3.4 molybdenum atoms nm 2. Even if
the intrinsic activity is lower on titania than on alumina, the
high density of TiO, (=1.5 superior than the alumina one)
would lead to an important volumic HDS activity making this

support attractive if its textural properties (SSA and pore
volume) can be still improved.

5. Conclusion

In this work, alumina, titania and zirconia supported
HDS catalysts have been studied. A comparison between
three methods of preparation of CoMo catalysts has been
undertaken through impregnation with solutions containing
AHM or the well-defined heteropolyanions P,Mo050,3°~ and
Co,M0,0035H,°, the Co/Mo ratio being fixed at 0.5.
Thiophene HDS conversions show that the best catalytic
results are obtained on alumina and with the use of Co,Mo;¢Co
solution as reported in the literature. The conversions obtained
on titania (or zirconia) are lower but the Co,Mo;yCo based
catalysts are always the most efficient. This HPA where Mo and
Co are in the same entity permits to have the best promoting
effect by the cobalt atoms. On zirconia, a better dispersion is
also obtained with the use of the two HPA, MoO; and CoMoO,4
phases being characterized by Raman analysis in conventional
supported ZrO, oxidic precursor. However in this work the
same sulphidation conditions were applied, which could have a
levelling effect. A study of the genesis of the sulphided phase of
these various solids is therefore now under progress.
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