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Abstract

The science on the preparation of the hydrodesuétion oxidic precursors is coming of
age, but the chemistry governing their preparasomot yet clearly understood. In this paper,
the chemistry of alumina supported oxomolybdatearation is revisited taking into account
the dissolution/precipitation concept recently deped. Classical preparations with the
ammonium heptamolybdate and Co nitrate salts watly be discussed. Then the use of new
starting materials for the preparation of the ingpiing solutions will be considered,
showing that at high Mo loading the dispersiontergly dependant on the nature of the
starting salts. The use of phosphomolybdate cazdis will also be considered. Lastly we
will discuss the improvement of the Co promotingfeef using molybdocobaltate
heteropolyanions as starting materials and compiexgents. This study shows that the
maturation step is the determining step for therowpment of preparation of these alumina

based oxidic precursor.

[. Introduction

Heterogeneous Catalysis plays an important role tie development of
environmentally sustainable technologies which spenoss many important industries such
as oil refining, petrochemicals, fine chemicalswpo generation and natural gas conversion.
More and more stringent regulations on the pollumissions impose to improve these
processes. In this context the improvement irptie@aration of Hydrodesulfurization (HDS)
catalysts has been driven by the need to produeancfuels, based on the pressing
requirement for environmental protection. The masdustrially used catalyst is the

CoMo/Al,QO3, the active phase of which consists of well dispdrMo$% nanocrystallites



decorated with Co or Ni promoter atoms accordintheo Topsoe’s model [1]. These phases
are obtained by sulfidation of an oxidic precursioat is generally prepared by incipient
wetness impregnation of an alumina support with amom heptamolybdate (AHM) and
cobalt or nickel nitrate solutions. In this methsbich is the most industrially used one, the
volume of solution corresponds to the pore volurnihe support, whereas in the equilibrium
adsorption method the impregnation proceeds witheacess of solution, that is after
eliminated by filtration. These solids are theredrand calcined in order to mainly remove
the nitrate and ammonium counterions present insetheonventional preparations.
Improvement of the catalytic performances impliethare complete understanding of the
structure and genesis of the oxidic precursor, wipermitted the development of new
preparation methods.

The various steps of the preparation of these CAMO¥% oxidic precursors will be
revisited in this paper. The Dissolution/Precipitatconcept that has been recently developed
in the litteratur [2, 3] will firstly be presentett. will allow us to discuss the exact nature of
the alumina supported oxomolybdate phase of coromlt preparations. We will then
discuss the formulation of new impregnating sohsioand their preparation with new
heteropolymolybdates as starting materials or vatimplexing agents, which permit to
propose a new molecular design of the HDS oxidiecprsor with improvement of the

catalytic properties.

Il. Experimental

In this section we only present the main techniqused for the characterizations and
the preparation. Experimental details have beeartbesl previously in the cited references.

[I.1. Characterization techniques
- XASSTUDY

Mo and Co K-edge EXAFS (Extended X-ray AbsorptionneF Structure)
measurements were carried out in the Laboratoirer ptJtilisation du Rayonnement
Electromagnétique (Orsay), at the EXAFS D42 and Dddmlines, otherwise stated. The
synchrotron radiation from the DCI storage ringymimg at 1.85 GeV with an average current
of 250 mA was used.
- Raman spectroscopy

The Raman spectra of the samples, maintainedoat temperature, were recorded
using a Raman microprobe (Infinity from Jobin-Yvpequipped with a photodiode array

detector. The exciting laser source was the 532imenof a Nd-YAG laser, the power at the



sample was less than 1 mW. The wavenumber accwrasy crt. In situ characterization of
the oxidic precursor was obtained with a cell thas directly fitted on the microscope stage.
- NMR measurements

The 3P NMR measurements of the solutions were carrigdoaua bruker AC300
spectrometer. Chemical shifts are negative towhiglser field and are referenced to external
85 % POy as a standard. The solvent used4© ldnd all the solutions were prepared at 1.5
mol Mo per litre, i.e. the concentration of the magnating solutions. The pulse length and the

relaxation time were respectively equal to is8and 20 s.

II.2. Preparation of the oxidic precursors

HDS oxidic precursors were prepared by incipieatngss impregnation gfalumina
extrudates with aqueous impregnating solutionsfdhmaulation of which is the main purpose
of the paper and will be discussed hereafter. @tiserstated, the specific surface area (SSA)
and the pore volume of the alumina used are respbct250 nf/g and 0.6 crilg. After
impregnation, the solids were let two hours at 2Qid@der HO pressure vapour for
maturation, in order to let the species diffuse e alumina extrudates. Then the solids were
dried under air at 100°C and calcined at 500°CAfbrunder oxygen otherwise stated. These
oxidic precursors have been designated as xGo#Mbeing the Co/Mo atomic ratio and y the
molybdenum loading expressed as a weight percelMiog; The oxidic precursors prepared
with modified impregnating solution are designassdthe aforementioned ones in which the
modifying agent is stated, i.e. P or En (Ethyleasdne), after the name (xCoMoyP or
xCoMoyEn). Whatever the solids, the starting materiused for the preparation of the
impregnating solutions is designated between btack®therwise stated, the Co-based
precursor is always cobalt nitrate and the P/Manatoratio used for the preparation of
conventional phosphorus based catalysts (prepaitadHaPQy) is always 2/5.

The Mo and Co loadings were determined by X-raypridgscence by the “Service
Central d’Analyses du CNRS” (Vernaison-France).

Table 1 reports the denomination of the catalybiss,starting materials used for the
preparation of the impregnating solutions, the Meight loading expressed as a weight
percent of Mo@, the Co/Mo atomic ratio and the P/Mo atomic rétiothe phosphorus based
catalysts or the En/Co molar ratio for the catalysepared with this complexing agent.

[1.3. Catalytic activities

Whatever their preparation method, the catalygdggmances of these solids were
evaluated after calcination and transfer in aieothse stated. The solids were firstly sulfided



at 673 K for 2 hours under a flow (POL.min>) of H,S/H, (10/90) mixture in the catalytic
reactor. Secondly the temperature was cooled dawb78 K for the evaluation of the
thiophene HDS conversion. The catalytic activit=e measured at atmospheric pressure in
a flow-bed reactor packed with 200 mg of catalpdter purification by vacuum distillation,
thiophene was introduced in the reactor at congieggsure (50 torrs) in a flow of purified
hydrogen(10 mL.miri*). The reaction products (butane and butene) weatysed by gas
chromatography.

lll. Conventional preparations
l11.2. Mo and CoMo/Al ;03
[ll.1.a. Unpromoted catalysts
Efforts of rationalization have been performeds thast decade to explain the
formation of the alumina supported oxomolybdatesplsa It has been claimed that upon
impregnation, a direct adsorption of the entitiesspnt in the impregnating solution occurs on
the surface sites of the alumina [4]. The detadedcription of the structure and genesis of
these alumina supported oxomolybdenum catalystkeaim oxide state owes much to results
obtained using Raman spectroscopy. Upon incredabimd/o loading, three types of species
are identified [5] i.e.:
- isolated tetrahedral entities, characterizedabyain line at 920-930 ch at low Mo
loading (typically below 0.6 Mo per rin.
- a polymolybdate phase, characterized by the rRaiman line at 952 cfp up to a Mo
coverage of 3.5 Mo at per Aim
- microcrystallittes Mo@, characterized mainly by the lines at 820 and @88, are then
observed with the aforementioned polymolybdate @h@ke appearance of this well defined
oxide corresponds to the limit of good dispersismatermined by XPS [6].
Various schemes of adsorption, represented irrdidil were then proposed. At low
Mo loading (typically below 0.6 Mo per rfnie. 3 wt% MoQ for a classical HDS alumina
support like the one used in this work), the adsonpof the monomolybdate through anionic
exchange with the basic surface hydroxyl groupthefalumina has been proposed. At higher
loading, various modes of adsorption of the heptghuate anions on the same sites were
also considered [7]. Hence extensive modelling issudf molybdate adsorption isotherms
were also performed by the Lycourghiotis’s grou®ks But the exact nature of the alumina
surface site in presence of the impregnating smiutand the exact nature of the

polymolybdate phase were never clearly established.



In all these studies the oxide support was alwaysidered as inert and never as a
real reagent. But recent studies have shown thaixtansive support dissolution may occur
even at pH values between 7 and 8, a range in wh&lalumina is generally considered as
being non soluble [2, 3]. Molybdenum is a versaglement which may create various
heteropolystructures with many elements as showfigure 2. In presence of Al(lll) the
isopolymolybdate can yield a heteropolymolybdat®m@anFigure 2a shows the structure of
this Anderson type heteropolyanion (HPA) with stmual formula [AI(OH3M0gO:g>
(AIMog). This is a flat structure that consists of a anaf six MoQ; octahedra surrounding a
central Al atom. Non acidic protons are locatedrenAl Mo bridging oxygen atoms.

Figure 3 shows the Raman spectra after the diffestages of preparation of an oxidic
precursor with a Mo loading lower than the aforetimered limit of good dispersion. It clearly
shows that after maturation (Fig. 3c) the AHM featu(Fig 3a) are no longer observed
whereas the spectrum is similar to the AjMmueous solution (Fig. 3b) which suggests the
presence of AlMpg entities that are isolated as in the solution.iMar other physical
techniques {Al static or MAS-NMR, XAS-EXAFS and XANES) have aldeen used to
show its formation [9]. Whatever the method of iegmation, i.e. the equilibrium or the
incipient wetness one, th8Al NMR spectrum of the wet solid exhibits a broattlat 15 ppm
characteristic of these AlMaentities. Its presence in solution in the porethefsupport was
also confirmed by liquid®Mo NMR spectroscopy by the characteristic line #1866 at -20
ppm. Carrier & al. also showed the quantitativenfation of this AIM@ HPA through
characterizing the solution during an equilibriudsarption preparation. [9]. This allows us
to consider that, after the maturation, these sgeaie present in solution in the pores of the
alumina support as well dispersed entities. At IMe loading this AIM@ entity is not
observed. The Raman spectrum only exhibits the #nh&98 and 920 cim respectively
characteristic of the Mog species in solution in the pores and adsorbedhenatumina
support [5].

It has also been shown that no modification iseobed after drying (Fig 3d). This
suggests that the AlIMoentities remain well dispersed on the aluminaasa&f But upon
calcination, these well dispersed surface AdMatities are transformed. Indeed, the XANES
spectrum of the calcined solids exhibits an intgm&eedge characteristic of the tetrahedral
environment [10]. Moreover, the Raman spectrum @)gexhibits a main line at 1000 ém
that has been assigned to the stretching modeeamtilybdenyl group (Mo in distorded
tetrahedral entities [11,12]. This suggests thabnugalcination the AlMg entities are

decomposed and that the oxomolybdate surface moaststs of distorted tetrahedral entities



with single molybdenyl groups that are linked te $upport. However upon transfer in the
wet air, these AlMg entities are recovered as shown by the RamanrspecfFig 3e) that
exhibits the features of the well dispersed Al\éatities.

At Mo loadings higher than the aforementioneditliaf good dispersion (3.5 Mo at
per nnf), the Raman spectrum (Fig 4b) exhibits the featusf the ammonium
6-molybdoaluminate salt (Fig 4a). This shows thatexipitation of this salt occurs during the
maturation, which leads to the formation of Mo@icrocrystallites upon calcination (Fig 4c).
Indeed the Raman spectrum of the calcined solet &fansfer in air exhibits the lines at 820

and 996 crif that are characteristic of this oxide.

[1l.1.b. Co promoted catalysts

Only catalysts with Mo loadings correspondinghe limit of good dispersion will be
considered hereafter. The formation of the welpédised AIM@ entities is evidenced by
Raman spectroscopy on these cobalt-promoted oypigicursors after maturation (Fig 5a)
[13]. But thanks to the spatial resolution capébsi of the Raman microprobe that enables us
to analyse selected particles, heterogeneitiegwddenced at high Co loading. Indeed, other
well defined Raman features are observed as showig i5b and 5c. The former one is
characteristic of the AlMpammonium salt precipitate whereas the exact natutlee latter is
not yet clearly established. It can be assignedth® formation of a mixed CoMo
oxyhydroxide phase. Upon calcination, this hetenegg is confirmed. Indeed, the Raman
spectrum exhibits the lines characteristic of tfmeanentioned isolated tetrahedral entities
(main lines at 1000 and 840 dmspectrum not reported here) [3], and after tremgfe well
dispersed AlMg entities are restored (Fig 6a). But the Ramantspef these calcined solids
also exhibit after transfer in wet air the featuoéswell defined crystalline phases, i.e the
(a)CoMoQ, phase (Fig 6b) [14] with the main lines at 940 848 cm® and the Mo@ oxide
(Fig 6¢) with the main lines at 995 and 819 trithese well defined phases should originate
from the aforementioned CoMo oxyhydroxide phase amimonium 6-molybdoaluminate

precipitate evidenced before the calcination.

[11.2. Conventional phosphorus based catalyst prepation
[11.2.a. Ammonium heptamolybdate based impregnatingsolutions
It is now well admitted that the addition of Ppberus in conventional impregnating
solutions (AHM based solutions) has a beneficil@afon the catalytic properties. However,

the exact origin of this improvement was not cheagbktablished. Although it has been



proposed that phosphorus could have a catalyte [dd], some authors have proposed that
the main role of phosphorus is to improve the disipa of the active metals [16]. Morales et
al. have suggested that P occupies the tetrahgti¥alof the alumina, impeding the formation
of a Ni (Co)ALO, type phase and thus increasing the amount of edtalty coordinated
Ni(Co)** ions available for the formation of the Ni(Co)M@8ase [17]. Other studies have
proposed that the presence of phosphorus leads h® formation of P-Mo
heteropolycompounds in the oxide form of the catsly18, 19].

The formation of the diphosphopentamolybdate HB¥e, structure of which been
given in Fig 2f, has been clearly evidenced upoditemh of phosphoric acid in the above-
mentioned CoMo impregnating solutions [20-22] asvahin Figure 7a,b. These spectra are
characteristic of this HPA by reference to literatdata[23]. No other oxomolybdate entities
are evidenced at a P/Mo atomic ratio of 2/5, artitat corresponds to the optimum P loading
[16]. After impregnation of the alumina support vguch a solution and drying, the main
lines characteristic of this HPA are still obsen(&iy 7c) with an intense line at 880 ¢m
which has not yet been assigned. This shows tipairtéal decomposition of the;Mos0,3>
anion occurs during the maturation as suggesteothmsrs authors [7, 24, 25], even if others
considered that this entity is stable in the pofeslumina [20]. These contradictions could be
assigned to the different experimental conditionden which these studies were carried out.
Indeed, such a partial preservation is possiblee@pH at the zero point of charge of the solid
is inside the pH range of stability of this HPAe(i4-6).

Upon calcination these entities are transformmeéd the aforementioned tetrahedral
adsorbed entities and upon transfer in the wet sppimere the AlMg entities are restored as
shown by Raman spectra in Fig 7d and 7e. Consdgueritatever the metal loadings, the
formation of the diphosphopentamolybdate stabilittes impregnating solution and inhibits
the formation of the CoMo oxyhydroxide phase and fhecipitation of the ammonium
6-molybdoaluminate. This explains the absence bhltanolybdate and molybdenum oxide
microcrystallites on the calcined catalysts that veaidenced on solids prepared with the
conventional starting materials. Moreover, Bergwetfal. have shown, by time resolved in
situ Raman microscopy, that the formation of sudmgphomolybdenum complexes
facilitates the transport of molybdenum entitieside the alumina extrudates by decreasing
the interaction between Mo and alumina. The foramtf AlMog entities in large amount
near the outer surface of the support bodies,cinaiti be obtained after impregnation with an
acidic AHM solution on AJOs, is thus inhibited [26].



[11.2.b. MoO zbased impregnating solutions

Molybdo-phosphate based impregnating solutions a@o be obtained by direct
dissolution of molybdenum oxide with a phosphoradasolution [27]. Figure 8a and 8c
show the Raman spectra of such solutions that hesacteristic of the Dawson HPA
(P.M01¢0s2°) [28], the structure of which being given in figued. The formation of this
HPA was also evidenced by P NMR spectroscopy lyeadt -2.45 ppm as shown in figure 9
[28]. Its formation is observed for a P/Mo atomatio higher or equal to 1/9. This figure
shows that, at an atomic ratio P/Mo = 2/5 corredpanto the one used for the impregnating
solution, the dawson entity is the main Mo baseel present in solution. But the presence of
free phosphates in large amount and of tREMbyOs,> anion in very low amount is also
evidenced by respectively the intense line at 8 the line at -0.9 ppm [29]. Raman
spectroscopy showsthat the Dawson structure (maimaR lines at 974 and 713 ¢nis
maintained upon introduction of cobalt nitrate istMoP based solution as shown in figure
8c whereas a decomposition is observed upon adddfothe cobalt as a carbonate salt.
Indeed the Raman spectrum (Fig 8b) exhibits thaufea of the ;MosO»s> HPA as in the
classical aforementioned CoMoP impregnating sautibhis decomposition is assigned to
the increase of pH that occurs upon addition ofdbkalt carbonate [22]. However, upon
impregnation on alumina with the cobalt nitrate dshsolution, the HPA structure is not
maintained as shown in figures 8d and 8e. IndeesktiRaman spectra exhibit the features of
the PM@Os.” (Raman line at 974 chwithout the line at 713 ci) [22] and of the well
dispersed AlIMo6 entities. This decomposition iSgssd to the buffer effect of alumina, the
pH of the solution in the pores being higher thiae pH domain of stability of the Dawson
entity. If no calcination is required with the Carlbonate based impregnating solution, as
there is no nitrate or ammonium counterions, it@sessary to eliminate the nitrate anions in
the Co nitrate based one. Calcination followed hey transfer in wet atmosphere induces the
decomposition of the remaining Ph@,> HPA structure as shown in figure 8f. The features
of CoMoQ; and MoQ microcrystallites are not observed on the Ramactsp that only
exhibit those of the well dispersed Allylphase. This shows that a better dispersion is also
obtained at high metal loadings by comparison sihids prepared with the conventional
starting materials. Thus, even if after calcinatibe formation of the same surface species as
on conventional prepared oxidic precursor (i.ehvAHM as starting material) is observed,
this method of preparation allows us to stabilize impregnating solution by inhibiting any
of the aforementioned precipitates (CoMo oxyhyddexi phase or ammonium

6-molybdoaluminate precipitate).



[11.3. Thiophene conversion

Table 2 shows the activity in thiophene HDS of camtional CoMo and CoMoP HDS
catalysts. At low Co loading, the phosphorus beasadls have the same activity than the
classical CoMo one (lines 1, 3 and 5). At this IGw loading (Co/Mo = 0.125), the nature of
the surface oxomolybdate is quite similar whatetrexr impregnating solution used. This
shows that, at low metal loading, the presencehokphorus is not required since it does not
play any catalytic role in HDS of thiophene. Butatéver the method of its introduction, the
presence of P at high Co loading induces an impnewve of the thiophene conversion, which
is assigned to a better dispersion of the activealné€lines 2, 4 and 6). Indeed the formation
of CoMoQ, and MoQ microcrystallites was not observed for these CoNdaBed catalysts
whereas they were evidenced on the CoMo ones. Tdxedes microcrystallites are difficult
to sulfide and yield bulk G&s which cannot promote the MgSlabs. Finally, whatever the
method of preparation of the Phosphorus-based gnpteng solutions, the catalytic
performances are similar (lines 4 and 6), whichficois the similarity of the surface

oxomolybdate phase after calcination.

l11.4. Conclusion

These results clearly show that upon impregnatoin AHM solutions, AlMg
entities are formed inside the alumina pores duttiegmaturation. However at high loadings,
a precipitation of its ammonium salt occurs thategi MoQ crystallites upon calcination.
Thus the limit of good dispersion corresponds t® maximum of solubility of the AlMg
ammonium salt in the pore of the alumina suppoegto® this limit, the well dispersed AlMo
entities decomposes upon calcination, but theyest®red upon transfer in air. It may thus be
considered that the oxidic precursor consists df eispersed AIMg entities in the thin film
of water covering the alumina surface and intengctlectrostatically with this surface as
reported by Carrier [2]. Indeed, the alumina isifpady charged thanks to the pH of the Mo
solution in the pore. This well dispersed oxomobtedphase is also observed on the CoMo
oxidic precursor after maturation as well as aft@cination and transfer in wet atmosphere.
However, upon increasing the Mo and/or the Co lbg[da CoMo oxyhydroxide phase and
the ammonium 6-molybdoaluminate precipitate arel@wed after the maturation, which
yield MoO; and/or CoMoQ@ microcrystallites upon calcination as shown by Rama
microscopy. Thus, the formation of these precipgas detrimental to the metal dispersion as

well as to the catalytic performances. These migsiallites remain intact upon transfer in a



wet atmosphere whereas the well dispersed surfideLentities are restored by hydration
of the surface tetrahedral oxomolybdate entitieiabd upon calcination. Thus it is always
the same well dispersed surface oxomolybdate ptieteis activated to give the active
sulfided phase, the calcination appearing as allieyestep of the different preparation
methods. Nevertheless, an improvement of dispeisiobtained at high metal loadings upon
introduction of P in a conventional CoMo impregngtsolution, inducing the formation of a
diphosphopentamolybdenum heteropolyanion, the gglobits ammonium salt being higher
than the AIM@ and CoMo oxyhydroxide one. This allows us to avaity precipitation.
Similar effect can be obtained with the Mplased impregnating solutions because another
very soluble HPA is deposited, moreover without ammm counterions in the solution. A
better dispersion at high metal loadings as contp@reonventional preparations is obtained.

IV. Keggin based CoMoP impregnating solutions

Fortunately molybdenum can create many heteropalstsires with various elements
such as phosphorus, silicium, cobalt or nickel a&¢&®]. We therefore proposed the use of
Keggin type HPA as starting materials, the striectfrwhich being shown in figure 2b. The
most known is the phosphomolybdic acid, the cosallt of which can be prepared by ionic
exchange [21] (CPMo01,040). An impregnating solution containing only therent to be
deposited (C8 and the HPA) can thus be obtained. The Raman rspeatf this solution
exhibits, by reference to the literature [31-3Bf features of the Keggin structure (Fig 10a:
main Raman lines at 990, 603 and 251 'kniThis shows that the Keggin structure is
maintained upon this exchange but its decomposisi@ibserved upon deposition on alumina
as evidenced on figure 10b, the Raman spectrunyleharacteristic of the well dispersed
AlMog entities. This decomposition is induced by thefdugffect of the alumina. After
calcination and transfer in the wet atmosphere Raman features of the AIM@ntities are
recovered and the Raman spectrum does not exhéieatures of the molybdenum oxide or
cobalt molybdate (spectrum not reported). Thisltasun agreement with the absence of any
precipitate after the maturation as the Co loadmiyiced by the atomic ratio Co/Mo of this
salt is low and as there is no ammonium counterions

The Cobalt being introduced as counterion of thé&HRe Co/Mo ratio is defined by
the stoechiometry of the salt but it is lower thi#e optimum one (about 0.5) defined
experimentally for conventional preparations [3#jis ratio can be increased by using cobalt
salts of the reduced Keggin HPA (£8Mo012040), the preparation of which was described

elsewhere [21]. Oxidic precursors were prepareth witpregnating solutions containing this



reduced entity and it has been shown by a polapbgraanalysis of the washing solution of
the solid that the HPA is preserved upon impregnatin alumina and drying undeg R85].
Nevertheless, after calcination undes & 400°C followed by transfer in the wet air, the
reduced HPA is decomposed into reduced polymolgbdaiecies as well as into Allilo
entities. But after calcination under air, followky transfer in wet atmosphere, only Alpo
entities are evidenced by both the Raman spectréhefcorresponding solids and the
polarographic analysis of their washing solutiamst Shown here) [35].

An increase of the Co/Mo atomic ratio can alsodi¢ained with the use of a
substituted Keggin HPA. Indeed, it is possible toeepare the PCoM@O40H(NH4)e
ammonium salt [36] in which the Co is in a subsiitn position of a Mo atom of the Keggin
sphere. Then, by exchange of the ammonium ionsdalt atoms, we directly obtain a
solution containing the entities to be deposite@af3,PCoMa104H®). Indeed the Raman
spectrum of this solution, reported in figure 1@c¢characteristic of this HPA [33, 37]. This
solution allowed us to prepare an oxidic precursdh a Co/Mo atomic ratio of 0.36 as
compared to 0.29 for GePM0;2040. Upon deposition on alumina, the HPA structureas
preserved as shown by Raman spectroscopy (Fig 18djlecomposition, induced by the
buffer effect of the alumina, induces the formatmmnAlIMog entities, which are recovered

after calcination and transfer in the wet atmospher

Table 3 gives the thiophene conversion of a 14 W8€; versus the Co/Mo ratio of
these HPA-based catalysts. It can be noticed thaiaCo content, the activities are similar
whatever the starting material used (lines 1, 3%nd his means that no improvement of the
promoter effect is observed with these HPAs at tmmtent. Nevertheless, the conversion
obtained with the Keggin type HPAs shows an impnoeet at high metal loading as
compared to P based conventional preparationss(liye4, 6 and 7). It could firstly be
assigned to an increase of the Co and Mo dispetisanks to the absence of any precipitation
during the maturation, which is at least due to #txsence of ammonium counterions.
Moreover, the fact that the Keggin based catalgsés more active than the conventional
phosphorus based ones can be discussed in terabaifer interaction between Co and Mo
entities. Indeed, the conventional imprenating Beldasolutions contain the P-Mo and Co
entities but they also contain other ions such &k Nor the AHM based one and free
phosphates for the Mgased one. One can suppose that these ions, atggiot present in
the Keggin based solutions, can decrease at higal teadings the interaction between Co

and Mo entities in the impregnating solution. Indi@ee have shown in previous works [21,



22, 35] by*'P NMR spectroscopy that a strong interaction existsolution between the
Keggin HPAs and the Gbions, which is due to the lack of counterions sastammonium,
phosphates or nitrates encountered in the convaiticolutions. For the reduced
Co;2,PMo0.2040 based catalyst, this interaction is maintainedhendried catalyst thanks to the
stability of the four-electrons reduced compoundhiah pH value (up to 7-8), near the
isoelectric point of the alumina support. This ddolimit the fraction of cobalt atoms
involved in the formation of the well-known surfat@oAl,O,” species that is unavailable for
the formation of the active CoMoS phase. We alsiiceadhat, for the reduced HPA based
catalysts, differences are observed between sadiltined in nitrogen and air (lines 6 and 7).
Indeed, the conversion of the reduced HPA baseslysatcalcined in M is slightly higher
than the one calcined in air. This should be assigo the different nature of the supported
oxomolybdate phase which is sulfided to give thievaghase. Finally, the very high activity
obtained by using GBCoMa 1040H as starting material can also be explained byabsence
of NH;" counterions and by a better interaction betweear@bMo atoms, since one Co atom
is included in the Keggin sphere (line 8). Althoutiiis entity is decomposed upon
impregnation and drying, we suppose that the pritxiroetween Co and Mo in the
impregnating solution is maintained after impregmgtthus inhibiting the migration of Co
inside the alumina lattice.

It can be noticed that similar results were oladiwith silicomolybdate Keggin based
HPAs [38].

V. New CoMo impregnating solutions

It thus appeared that the use of HPA as startiatenal is an interesting way to
prepare very efficient catalystsor the preparation of the impregnating solutior,tirerefore
propose the use of Anderson CoMo based HPA. Iretheslerson based structure it can be
considered that the Co atoms are chelated dirdeylythe Mo atoms. Two types of
heteropolyanions exist i.e. the 6 molybdocobaltaten, an analog of the AIMacand the
decamolybdocobaltate (@d0:¢0sgH.) [39] (Fig 2e), which can be considered as theedim
of the former one. In both entities the*catoms are surrounded by a crown of molybdenum
octahedra. In order to have a high Co/Mo atomimratobalt salts of these HPAs [40, 41]
have been prepared, which moreover allows us tadattee presence of any foreign
counterions such as ammonium or nitrate.

In this paper we will only consider the decamolytabaltate cobalt salt

(CosCoM030038H4) as it permits to prepare oxidic precursors withCa/Mo ratio



corresponding to the optimum one for a classicaparation (Co/M0=0.5). Simulations of the
experimental EXAFS signal of the oxidic dried (Fid) performed with the bulk starting
material C@Co,Mo0,003sH,4 crystallographic data gave very satisfactory rasuttlearly
confirming the preservation of these compoundsd timti drying step of the preparation [13].
Results of the simulation, given in table 4, shogoad agreement with the structural data of
the starting salt G&0,M010038H4 [41]. This preservation, that is in agreement wviith pH
stability domain of this HPA in agueous solutiahalso confirmed by XANES spectroscopy.
Indeed the CoK edge XANES spectrum of the driedlioyprecursor, that is reported in figure
12, exhibits a broad line with two components aB¥7and 7725 eV that correspond
respectively to the Gb central heteroatom and to the “ca@toms in counterions position.
Raman spectroscopy also evidenced this preservatieneas after calcination and transfer in
the wet air, the Raman spectra only exhibited ga¢ures of the well dispersed Alylentities
(spectra not reported).

Figure 13 shows the thiophene conversion versus Nlee loadings of these
CosCoM01003gH4 based catalysts. The catalytic performances ofeete catalysts with the
same metal loadings are also reported. The cldsgaeano curve is observed for the
classical preparation. Whatever the Mo loading, HfA based catalysts are more efficient
than the reference ones. At high Mo loading thipriomement is assigned to the better
dispersion of the active phase as the oxidic psstuis homogeneous and no bulk oxide
(CoMoQ, or MoGs) is evidenced by Raman spectroscopy. The improaerate high Mo
loading is therefore assigned to the improvemerthefdispersion as the entity is preserved
upon deposition, which permits to avoid any preaign.

Better performances are also observed at low Mditg (Fig 13). This could only be
assigned to a better promoting effect as the madoglyalength and stacking) of the CoMoS
is similar to the reference one [13]. Thus, thiggasts that the preservation of the starting
HPA during the maturation step enables us to atledoss of Co atoms inside the alumina
support. These later ones are thus available frd#coration of the molybdenum disulfide

crystallites.

VI. Impregnating solutions with chelating agents

An improvement of the promoting effect has thuserb obtained with the
decamolybdocobaltate HPA, a structure in which @we heteroatom can be considered as
chelated by the Mo ones. But it is now well adndittbat the introduction of a complexing

agent (citric acid, NTA....) had a beneficial effemt the catalytic performances [42-44].



Typical example of such study concerns the intrdacof Ethylenediamine (En) in a
conventional CoMo impregnating solution [45]. A qolete spectroscopic study (Raman,
UV-Visible...) has shown that the main species present in tpeegnating solutions are the
well known MoQ? monomer (the pH being 9 after addition of the ctExing agent) and a
Co(En)*" complex. CoMo based catalysts were prepared higiémt wetness impregnation
of an alumina support with developed textural fesgu(Pore volume=1 city, SSA=350
m%/g). UV-Visible and Raman spectroscopy showed thase species are preserved at the
maturation step [45-47]. Upon drying, the molybd®anaoncentration inside the porosity
increases, thus inducing the formation of polymdbtie entities, characterized by a Raman
line at 950 crit, while the Co-En complex is preserved due to igg lemperature stability
and probable interaction with the alumina surfaspe€tra not reported here). After
calcination and transfer in the wet air, the Ransgectrum exhibits the main features
characteristic of the well dispersed AlMentities whereas Gb atoms inside the alumina
lattice are evidenced by UV-Visible spectroscopleTeduction of C8 to CF” is due to the
decomposition products of En during calcinationk Wearly showed that En allowed us to
increase the metal loading (up to 5.2 atoms péeriren30 wt % MoQ with the support used
in this study) with preservation of the dispersigtb]. An increase of the thiophene
conversion is observed at very high loading as @mep to conventional CoMo catalysts
(Table 5). This can be explained by the absend®ilfoxides such as Ma@r CoMoQ, [46]
generally observed at these high Mo loadings. Rgceh A. Beerwerff [26] et al showed that
the use of complexing agents, such as citric asdlces a better dispersion of molybdenum
entities inside the alumina extrudates by decregatia interaction between Mo and alumina.
Indeed, this inhibits the formation of AIM@ntities in large amount near the outer surface of
these extrudates that could be obtained after igmatgon with an AHM solution on ADs.

A higher conversion is also observed at lower Md €o loadings (3 Mo atoms per fim
i.e. 14 wt % MoQ with the support used in this study), when Enngoduced in the
impregnating solution (Table 5: lines 1 and 2). sTishould be assigned to the better
promoting effect of the cobalt as the preservatibthe Co entities during maturation permits
to avoid the loss of Co atom inside the aluminapsupor in the aforementioned CoMo
oxyhydroxyde phase. It should also be noticed thmin increasing the Mo loading, the
promoting factor (conversion ratio between promaaed unpromoted catalysts at the same
Mo loading) remains constant for a simultaneousr@gpation with En (about 6) [47].

More recently, others authors have proposed th@semplexing agents (En, EDTA

or NTA...) [43, 48] for the preparation of oxidic prgsors and have showed that an



improvement of the performances can also be oldaméout any calcination before the
activation. But in that case, the effect is quiféedent as this improvement has to be assigned
to the modification of the genesis of the activéMo& phase [43, 48, 49].

Thus, whatever the nature of the complexing agengn be considered that their use
is motivated by the need to prepare impregnatingtisos in which the Mo and/or Co
chelated entities are preserved during the maturasiep, which permit to improve the
dispersion as well as the promoting effect of tiodalt.

VII. Conclusion

The aim of this paper is to be more comprehertsige exhaustive through a dedicated
choice of results we obtained and that we completighll some litteratur data. A molecular
approach based on well defined examples has allesead discuss the chemistry that occurs
during the maturation, based on the hypothesisnbdimitation is induced by the porosity. It
has been shown that the alumina support is not amet the concept of dissolution/dispersion
and dissolution/precipitation has permitted to diedefine the nature of the deposited phase
during the preparation of the oxidic precursohds thus been deduced that the nature of the
deposited entities depends only on the chemisthefsolution in the pores of the alumina
support, taking into account all the different spedhat can be formed inside it. However
after drying and calcination this is always the sadispersed polymolybdate phase that is
obtained which shows the levelling effect of thisrimal treatment.

However, at high Mo loading, an improvement of tigpersion of the oxomolybdate
phase can be obtained using more stable startiiog @dhan the aforementioned Al@r
CoMo oxyhydroxide one. This can be obtained by mgigpdhosphorus in the impregnating
solution that permits to avoid any precipitationmidg the maturation, which is at the origin of
the limit of good dispersion. Similar effect can digained with the use of phosphomolybdic
cobalt salt, which permits moreover to avoid thespnce of ammonium cations and therefore
to avoid any precipitation, which occurs when amimonis present in the impregnating
solution. By using reduced or Co substituted phogph based heteropolyanions for the
preparation of the impregnating solution it is pblesto increase the Co/Mo ratio, that is
defined by the stoechiometry of the starting mal@cprecursor. However this ratio remains
below the optimum one (Co/M0=0.5) defined for thessical preparation. But impregnating
solutions having the optimum Co/Mo ratio can beaot#d directly by attack of the

molybdenum oxide and adding after the cobalt pmunitrate, carbonate, ....).



A better promoting effect of the Co or Ni can als®oobtained through the control of
the nature of the cobalt species during this méturastep. It was previously performed with
the introduction of complexing agents, which enalitelimit the loss of Co atom inside the
alumina support. A simultaneous monitoring of the Mnd Co deposition can also be
achieved with the direct deposition of cobaltomdigte entities. The preservation upon
deposition on the alumina support of the decamalgbbaltate cobalt salt enables an increase
of the dispersion at high Mo loading but also atrease of the promoting effect. Moreover
such preparation does not require any calcinatdrnch appearred as a levelling step of the
various preparations. Thus in the preparation ofSHiXidic precursor by incipient wetness
impregnation, the main determining step is the maditon one since it permits, not only the
precursors to diffuse inside the pores of the stppat also the various chemical equilibria
to take place. Nevertheless the problem is quiteerént in the equilibrium adsorption
method, in which the concentration of the variooscges is by far lower. This implies that the
chemical equilibria in the solution between theimas entities should be different. In that
case, the impregnation could be considered astlatlihg step of the preparation if different

starting materials are used.
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Denomination Starting materials e Co/Mo Pg\fo
MoO; En/Co
Mo1s (AHM) AHM 15 0 0
Mo2o (AHM) AHM 20 0 0
0.125CoMa, (AHM) AHM 14 0.125 0
0.29 CoMa4 (AHM) AHM 14 0.29 0
0.5CoMa (AHM) AHM 8 0.5 0
0.5CoMa, (AHM) AHM 10 0.5 0
0.5CoMas (AHM) AHM 13 0.5 0
0.5CoMa4 (AHM) AHM 14 0.5 0
0.5CoMas (AHM) AHM 16 0.5 0
0.125CoMa4P (AHM, HzPOy) AHM, H3POy 14 0.125 0.4
0.29CoMaq4P (AHM, HsPQy) AHM, H3PO, 14 0.29 0.4
0.125CoMa@4P (M0Gs, H3POy) MoO;3, HsPQ,, CoCQ 14 0.125 0.4
0.29CoMa4P (MoGs, H3POy) MoO;s, H3PQO,, CoCQ 14 0.29 0.4
0.125CoMa4P (Ca2PM012040) C32PM012040 14 0.125 0.08
0.29CoMa4P (Ca2PM012040) C072PM0;,040 14 0.29 0.08
0.36CoMa4P (CaPCoMQq 1040H) CosPCoMQ1040H 14 0.36 0.09
0.5CoMg@ (CosC0,M01¢03gH4) CoC0M010038H4 6 0.5 0
0.5CoM@ (Co3C0M01¢03gH4) CoC0M010038H4 9 0.5 0
0.5CoMa1 (CosCoM010038H4) C0o3C0:M010038H4 11 0.5 0
0.5CoMa; (CosCoM010038H2) CoC0M010038H4 13 0.5 0
0.5CoMa; (CosCo,M010038H2) CoC0M01003gH4 16 0.5 0
0.28CoMay (AHM) AHM, En 14 0.28 6
0.28CoMa4En (AHM) AHM, En 14 0.28 6
0.28CoMg¢ENn (AHM) AHM, En 20 0.28 6
0.28CoMaoeEn (AHM) AHM, En 30 0.28 6

Table 1: Characteristics of the catalysts: denotimnaof the catalysts, starting materials used
for the preparation of the impregnating solutiode, weight loadings expressed as a weight

percent of Mo@, Co/Mo atomic ratio and P/Mo atomic ratio for thbosphorus based

catalysts or En/Co molar ratio for the catalysteppred with this complexing agent.
Otherwise specified, the cobalt salt used for tteparation of the CoMo based solutions is

always cobalt nitrate.




Thiophene HDS activity

Catalysts
(% conversion)
0.125CoMa4 (AHM) 14
0.29 CoMa, (AHM) 19
0.125CoMa4P (AHM, HzPOy) 14
0.29CoMa4P (AHM, HsPOy) 26
0.125CoMa4P (MoOs, HsPOy) 14
0.29CoMa4P (M0oGs, HsPOy) 27

Table 2:

Catalytic activities of CoMo and CoMoP HE&alysts



Catalysts Thiophene HDS activity
(% conversion)

0.125CoMa4P (AHM, HsPOy) 14
0.29CoMa4P (AHM, HsPOy) 26
0.125CoMa4P (MoQs, HsPOy) 14
0.29CoMaq4P (MoG;, HsPOy) 27
0.125CoMa4P (Ca2PM0oy040) 15
0.29CoMayP (Ca,PM0;,040) calc No 32
0.29CoMa4P (Ca,2,PMo;,04¢) calc air 30
0.36CoMa4P (CaPCoMaq 1040H) 39

Table 3: Catalytic activities in HDS of thiophent amnventional CoMoP and Keggin
based CoMoP HDS catalysts



Co-0(1) Co-0(2 Co-Co Co-Mo (1) Co-Ma)
N 5.18 1.50 0.61 0.52 2.46
R (A) 1.90 2.10 2.82 2.97 3.29
Ao (A) 0.08 0.07 0.09 0.10 0.10
AE (eV) -1.86
résidue 0.023

Table 4 : refinement of the EXAFS signals of the@mMo10,03sH4 based oxidic precursor at

the Co K edge




Thiophene HDS activity
Catalysts _
(% conversion)
0.28CoMa4 (AHM) 25
0.28CoMa4En (AHM) 33
0.28CoMgeEn (AHM) 38
0.28CoMaeEn (AHM) 42

Table 5: Catalytic activities of CoMo and CoMoEn Sbatalysts



