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Abstract

Highly dispersed Ni(Co)-Mo-S sulfides were prepared by simple room temperature solution reactions using nickel or cobalt salts and
thiomolybdate precursors in the presence of nonionic surfactants. The products were characterized by X-ray powder diffraction, specific sur
face area measurements, and scanning and transmission electron microscopy. The evolution from amorphous pre-catalysts to highly dispers
sulfide catalysts during the activation step was studied by thermal analysis. Extended X-ray absorption fine structure measurements were cartri
out to elucidate the chemical environment of the transition metals in the precursors and the sulfided catalysts. The specific catalytic activitie:
of the Ni(Co)-Mo-S systems in the hydrodesulfurization of thiophene and 4,6-DMDBT were up to six times higher than those of commercial
alumina-supported systems.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction accepted that in the active structures of these catalysts, the pro-

Because of the need to minimize the negative environmentdl'0ter atoms are located at the edges of the Mitets in the
effects of automotive and nontransportation exhaust emissionf0rm of the so-called Ni(Co)-Mo-S structures. The catalytic
the authorized sulfur level in motor fuels has been graduallctivity is strongly dependent on the dispersion of the MoS
decreasing during the recent years. Many different approach@ase and the ratio of edge sites to basal plane area, as well as
have been proposed to eliminate sulfur-containing molecule@" the stacking of the MoSslabs. Therefore, control of MeS
from the petroleum feedstocks. Some of these proposals afaorphology is crucial to obtaining highly active HDS catalysts.
based on novel processes, whereas others attempt to improve Various alternative methods for preparing dispersed MoS
on the existing hydrotreatment (HDT) technology. Because oftave been developed recently, including thermal decomposition
the much lower investment costs, the use of more active cat&f thiosalts[14-16] hydrothermal and solvothermal processes
lysts is the most attractive solution for petroleum refiners. Sucll7—21} and solution reactionf22,23} Thus prepared, bulk
a demand for more active HDT catalysts has triggered a sig?" highly loaded supported molybdenum sulfide can be further
nificant increase in research activity on HDT catalydts4].  Promoted by cobalt or nick¢24—-26} However, introduction of
These studies have shown in particular that one way to improvéie promoter always represents a delicate procedure, and simple
the MoS-based catalysts could be to increase the active phaggethods for one-step preparation of promoted sulfide disper-
loading or use bulk sulfides. The emergence of highly loadegions still represent a challenge. The present work deals with
sulfide catalyst§5,6] demonstrates that sulfide-based systemssuch simple solution reactions.
even though known for many years, still have great potential for
improvement. 2. Experimental

Molybdenum disulfide (Mog promoted with Ni or Co is
the basis of commercial HDS cataly$ts-13]. It is commonly 2.1, Preparation of the catalysts

* Corresponding author. Catalyst preparation was carried out in two stages. First,
E-mail addressafanas@catalyse.cnrs(®. Afanasiev). the pre-catalysts were prepared in the aqueous or mixed so-
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Table 1
Preparation conditions and properties of selected catalysts after sulfidation
Solid Precursors and Chemical composition N R(p)? MoS; size, R(HDS), 573K
designation surfactant used b C (Wt%) (m2/g) (nm) XRD (A) (108 mol/(gs))
Co-D-H,0 TDM, Co(NO3), HoO 019 Traces 52 a 37 30
Co-D-EG TDM, Co(N@)2, H20, 024 09 31 18 31 62
EG (50%§F
Co-D-Ter TDM, Co(N@)z, H20, 011 17 21 24 27 51
Tergitol (10%)
Co-D TDM, Co(NG3), Ho0, 028 43 132 24 24 213
EG (50%), Tergitol (10%)
Co-M TMM, Co(NOg)5, H20, 048 28 114 29 151
EG, Tergitol (10%)
Ni-D TDM, Ni(NO3), Ho0, 024 35 130 27 22 416
EG (50%), Tergitol (10%)
Ni-M TMM, Ni(NO 3),, H20, 051 26 122 105 38 111
EG (50%), Tergitol (10%)
CoA-D TDM, Co(acag), H»0, 023 26 134 41 25 275
EG (50%), Tergitol (10%)
NiA-D TDM, Niacac, H0, 024 35 132 75 22 461

EG (50%), Tergitol (10%)

2 Mean pore size, nm.
b, — Co/(Co+ Mo) atomic ratio.
¢ EG—ethylene glycol, volume proportions are given.

lutions, and then they were sulfided by gaseous reactants. To Commercial supported catalysts containing 3 wt% Co(Ni)
prepare the pre-catalysts, high-purity starting materials werand 10 wt% Mo supported on gamma alumina were used as
purchased from Sigma—Aldrich. Ammonium thiomonomolyb- references. These were sulfided under the same conditions as
date (NH)>MoS; (TMM) was obtained by adding 15 g of the unsupported solids.

(NH4)6M07024 - 4H,0 to 200 ml of a 20 wt% aqueous solu-

tion of (NH4)2S at ambient temperature. The precipitated rec?.2. Characterization of the solids

crystals were thoroughly washed with ethanol, dried, and stored

under nitrogen. Ammonium thiodimolybdate (¥}Mo02S:2 The N, adsorption and desorption isotherms were measured
(TDM) was prepared as described previoy&ly]. Several sub-  on a Micromeritics ASAP 2010 instrument. Pore size distri-
stances of the same family of surfactants were tried as textur@utions of the samples in the mesopore domain were calcu-
promoters. The length and the branching of the aliphatic taillated from the isotherms by the Barrett—Joyner—Hallenda (BJH)
as well as the length of the polyethoxo fragment, were varmethod. The BJH pore size distributions were calculated from
ied. Triton X114 [polyoxyethylene (8) isooctylphenyl ether], the desorption branch of the isotherms. The X-ray diffraction
Triton X100 [polyoxyethylene (10) isooctylphenyl ether], Ter- (XRD) patterns were obtained on a Bruker diffractometer with
gitol NPX [polyoxyethylene (9) nonylphenyl ether], and other Cu-K, emission; the diffractograms were analyzed using the
grades of the same molecule Imbentin N 60 [polyoxyethylenetandard JCPDS files. Me®article size was determined using
(9) nonylphenyl ether] were tried as surfactants. Scherrer’s equation.

In a typical pre-catalyst preparation (Co-D specimen), 50 ml  Chemical analyses were carried out using the atomic emis-
of aqueous solution containing 1 g (0.003 mol) of Co@0  sion method. Scanning electron microscopy (SEM) images
6H,O was added to a solution of 2 g (about 0.003 mol) ofwere obtained on a Hitachi S800 device at the CMEABG cen-
TDM in 100 ml distilled water, 100 ml of ethylene glycol (EG), ter of Lyon Claude Bernard University. Transmission electron
and 30 ml nonionic surfactant Triton X114. The resulting darkmicroscopy (TEM) was performed with on a JEOL 2010 de-
precipitate was separated by centrifugation and dried overnighiice with an accelerating voltage of 200 keV. Thermal analysis
under vacuum at 353 K. To obtain the sulfide catalyst, the drietvas carried out on a Setaram device under inert gas flow at
pre-catalyst was sulfided in flowing 15 vol%S8& in H, at at-  a heating rate of 5 Kmin. The gaseous products evolved on
mospheric pressure at 723 K for 4 h. The sulfiding gas flow waseating of the samples were studied using a mass spectrometer
3.6 I/h, and the heating rate was ikin. Several synthesis pa- (Gas Trace A; Fison Instruments) equipped with a quadrupole
rameters were varied, including the nature of the reactants arghalyzer (VG analyzer) working in a Faraday mode. A silica
surfactant and the ratio of the transition metals in the solutioncapillary tube heated at 18C continuously bled off a propor-
The solid designations are listedTable 1 tion of the gaseous reaction products.
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The extended X-ray absorption fine structure (EXAFS) mea- The specific rate was calculated according to the following
surements were performed at the Laboratoire d’Utilisation dwexpression:
Rayonnement Electromagnétique (LURE, Orsay, France), on
the XAS 13 spectrometer using a Ge (400) monochromator. = —(Convbgr),
The measurements were carried out in the transmission mode , . .
at the CoK edge (7709 eV), NK edge (8333 eV), and M& wherer is the specific rate (m;z)('g s)), F is the molar flow rate
edge (20000 eV) at ambient temperature, with 2 eV steps, 2 & the reactant (mgk), Conwegr is the conversion of DMDBT,
per point. The sample thickness was chosen to give an absorﬁglsm IS the_ catalyst weight (in g). All rates were estimated at
tion edge step of about 1.0 near the edge region. Phase shi conversion &15%).
and backscattering amplitudes were obtained from FEBF
calculations on model compounds. FEFF calculations for th
pre-catalysts were done using the ICDS structures of the co
responding TMM and TDM precursors; and for the sulfided
Co(Ni)MoS phases using the MgStructure for the Mo edge
and for the Co edge by replacing the Mo scatterer by coba
in the Mo$S structure. The EXAFS data were treated with the

. ducible technique to allow the preparation of high-surface area
VIPI.ER prograp{29]. Bacl_<ground ext_racnqn after the edge WaSunsupported promoted Co(Ni)-Mo sulfides. Several prepara-
carried out using Bayesian smoothing with a variable numbe

" . fion approaches were tried and rejected, including modify-
of knots. Tzethcu?:e fitting Wai ((jjonel a_ItetrEatNelyIi’nfan_dk it ing the homogeneous sulfide precipitat{8i], decompositing
spaces, and he Iit was accepted on'y In the case ot simu anﬁﬁpregnated thiomolybdatf82], and coagulating the MqS
ous convergence (absolute and imaginary parts foRtepace).

nanospheres prepared as described previd@ ith solu-
Coordination numbers (CN), interatomic distancRy Debye— P prep ! previdBSlywi "

> _ tions of Co or Ni salts. All of these techniques produced cata-
Waller parameterso(”), and energy shiftsAEo) were used as vy \ith moderately good activity, but the properties of the ob-
fitting variables. Constraints were introduced relating the fittin

: A - Stained solids were difficult to reproduce, probably because in all
parameters, to obtain the values lying in physically reasonablg ihese cases, the efficiency of the promoter distribution over
intgrvals. The quality of fit was eyaluated using the values ot} molybdenum sulfide depended on the macroscopic parame-
variance and goodness. Comparisons between the models ygrs syuch as solution stirring and drying conditions. To obtain
ing different numbers of parameters were made based on the,mogeneous sulfide dispersions in a reproducible manner, we
F-test. Second-shell Mo and Co backscatters were identifiefhoked for a technique that binds Co and Mo together through a
by the difference file technique with phase-corrected Fouriegigichiometric reaction that is as simple as possible and prefer-

é%. Results and discussion
5.1. Solution syntheses and properties of the products

I:t%.l.l. The choice of synthesis route
The goal of this work was to find a simple and repro-

transformg30]. ably occurs spontaneously at ambient conditions. The reaction
of Co(ll) or Ni(ll) salts with thiomolybdates appeared to pro-
2.3. Catalytic tests vide such a process if the conditions were properly adjusted, as

described later in the paper. In these reactions, cationic species

Catalytic activity for thiophene hydrodesulfurization (HDS) of V.'” group ”.‘e_ta'? interactgd with thiqmolybdate anio_n S:
ading to precipitation of solids, according to the following

was measured at atmospheric pressure in a fixed-bed flow n’ﬁ/ thetical fions:

croreactor. In the temperature range 573-613 K, the thiophe pothetical reactions.

conversion was<30% under the conditions used (50/min  co?* + M0S,2~ = CoMoS, 1)
gas flow, 50—60 mg catalyst), and the plug-flow reactor model

was used to calculate the rate constant and

e 1 CA*t + M0,S1,2~ = CoMoSyo. 2)
k= mC In 1—x’ The key step in obtaining highly dispersed catalysts using

these reactions is choosing the solvent and the organic admix-
wherek is the pseudo-first-order rate constanf{®s)), F is  ture used as a textural promoter.

thiophene molar flow (mgk), m is catalyst mass (g) is The aqueous reaction of thiomolybdates with Co(ll) or
th|ophe_ne molar concentration (mio#®), andx is conversion  Ni(ll) salt solutions led to the immediate formation of black
determined after 15 h time on stream. precipitates, but their further sulfidation produced solids with

Catalytic tests for the HDS of 4,6-dimethyldibenzothiophenequite low HDS activity. Moreover, although monothiomolyb-
(4,6-DMDBT) were carried out in a three-phase continuousdate is sufficiently soluble, the dithiosalt is less soluble in water,
flow microreactor with dodecane as the solvent, working withso that the aqueous solutions used for the preparations must be
a total mass liquid flow of 3.8 fh, Pt =3 MPa, and HH  inconveniently diluted €1 wt%). Adding EG to the reaction
flow = 26 cm?/min, at three different temperatures (533, 553, mixture drastically increased the solubility of TDM and also
and 573 K). The catalyst mass was approximately 30 mg. Thiamproved the catalytic properties of the obtained solids. How-
4,6-DMDBT content in dodecane was 300 ppm. The productgver, the resulting catalysts remained less active than the com-
were analyzed by gas chromatography. mercial alumina-supported reference systems. A real improve-
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Fig. 1. SEM images of the TDM precursor (a), the pre-catalyst obtained from pure aqueous solution (b), the Co-D pre-catalyst issued from theiamxeitdhsolu
surfactant (c) and the solid (c) after sulfidation (d).

ment was achieved only after adding a textural promoter, a non- As shown in the SEM studies, the pre-catalysts obtained
ionic surfactant that is a member of the alkyl aryl-polyethylenefrom the mixed solvent—surfactant system have a smooth “rose-
glycol family. We conclude that a reaction mixture that pro-like” morphology that was transformed by sulfidation to a fine
vides good textural properties necessarily includes both EG andispersion Fig. 1). This morphology is characteristic of our
surfactant. Indeed, the same preparation carried out with adyntheses, appearing in virtually all of the solids obtained with
dition of the Tergitol surfactant but without EG demonstratedparticipation of EG and a nonionic surfactant. All of the pre-
low activity (Table 1. It can be speculated that EG acts as acatalysts are dense, glue-like bodies with no porosity.
solubilizing agent, whereas the surfactant presumably provides

the organic species that remain in the precipitate and are trang:1.2. Thermal analysis of the thiomolybdate salts and the
formed to carbonaceous matter on further sulfidation. Indeedpre-catalysts

the carbon content in both the nonsulfided catalysts and the sul- The evolution of the surfactant-containing pre-catalysts dur-
fidation products was higher for the surfactant-assisted preparirg their activation in the KS/H, mixture occurred with high
tions (Table 1. The stabilizing role of carbonaceous residualsmass losses and significant changes in the volume of solids. Si-
for the morphology of unsupported sulfides was noted previmultaneously, intense gas production occurred, mostly in the
ously [22]. Moreover, Chianelli and Berhaul84] suggested temperature range 473-623 K. Although the TDM precursor
that carbon is needed to create the active metal carbosulfigdready contained molybdenum in the sulfided state, applying
phases. the reducing gas flow appeared to be important for efficiently
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Fig. 2. Thermal analysis curves for the TDM parent salt (a), the Co-D pre-catalyst (b), the Ni-D pre-catalyst (c), and the Co-M pre-catalyst (d).

evacuating carbon-containing decomposition products and olwhereas the theoretical value for the react{@8hwas 15.4%.
taining highly active catalysts. From the TG curve, it is clear that this event consisted of
Decomposition of both Ni-D and Co-D pre-catalysts and thetwo steps, and the mass spectra showed that (WHz = 17),

initial TDM compound was studied under a flowing 5%/N> H20 (m/z = 18), and HS (n/z = 34) were emitted. After this
mixture by TG-DTA coupled with mass spectrometry of the event, the mass change starting from about 500 K was smooth
evolved gases, with the goal of understanding the nature of thend accompanied only by emission of small amounts of hy-
decomposition processes. The results of these measuremedtsgen sulfide. Then a sharp and strongly exothermal event
are presented iRig. 2 The thermal decomposition of hydrated occurred in the range 660—710 K, accompanied by the emission
(NH4)2Mo02S;2 has been studied previougBb—-37] and there-  of sulfur (n/z = 32) and BS (n/z = 34). The total exper-
action sequencg) and (4)has been proposed to describe thisimental mass loss of 48.9% up to 773 K was slightly lower

process: than the value of 50.6% expected for the combination of reac-
(NH4)2M02S12 - 2H,0 t|or(;s 1{315)“—/'(5) Then*ggldand OTedL_chgveBd_ecomp%55|t|on r?f MTM
s “"M02S11” + 2NHs + HoS + 2H,0 @) an was studied in detail by Brito et gB5], who, in
agreement with our results, observed a strong exothermal event
and at about 673 K regardless of gas flow.
“M02S11" — 2MoSs + (7/8)Se. ) Investigation of the pre-catalysts Co-D and Ni-D under the

same conditions showed that, in contrast to the parent TDM,
Alternatively, when the decomposition is carried out under hytheir decomposition started at only about 473/g6. 2b and
drogen, the last reaction might be partially or totally replaced2c). The absence of any important mass loss between 273 and
with reaction(5), which has the same mass loss as reagdyn 473 K suggests that the hydrating water and the ammonium ions
“ " from the parent salts were no longer present in the pre-catalysts.
Mo2S11" + 7Hz — 2MoS + 7H,S. ) On further heating, the sample mass decreased smoothly from
Our TG-DTA analysis and mass spectrometry results corrob473 to 573 K, then accelerated somewhat above 573 K. At
orate these equations. The TDM salt decomposed to give23 K, the decomposition was nearly accomplished. (That of
amorphous molybdenum sulfide (“M8;:1") as an intermedi- the parent TDM salt was not finished until 723 K.) Simulta-
ate product. The amorphous nature of the;8iq solid follows  neous with the mass loss was the emission of several gases,
from the X-ray powder pattern (not shown), which exhibitedincluding HO, CO, and HS and many organics, among which
just broad humps with no sharp reflections. After the firstthe dominating species detected by mass spectrometry were
two endothermic peaks-{g. 2a), the mass loss was 15.3%, CHO (m/z = 30) and CH (m/z = 18; to distinguish its sig-
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400
nal from that of water, the signals at/z = 14 and 15 were (002)

analyzed). The mass loss was monotonous with no noticeable 350
steps. Because the pre-catalysts are complex composites with 5,
no well-defined chemical formulas, chemical equations can- ; —Co-D
not be written down to calculate the mass losses. However, 2350 ’
for all of the pre-catalysts the mass losses were about 70 wt%,
which corresponds to removal of all extra matter, leaving only
metals in the sulfided state in the solids. During the decomposi-
tion of the TDM-derived pre-catalysts, two smooth endothermic 100
events were observed, one at about 533 K and another at 603 K. s — Co-D-H20
The Co-M specimen obtained from the monothiomolybdate be- i

haved similar to the Co-D and Ni-D solidsi¢). 2d). Compared 0
with the decomposition of the parent MTM, which exhibits a

sharp exothermic peak at 673[85], the decomposition of Co-

M was smooth and shifted to lower temperatures by at least Fig. 3. Powder X-ray diffraction patterns after sulfidation.
100 K. The DTA curve in this case was more complex and in-

cluded several endothermic events. values. TEM of the sulfided catalysts showed the presence of
Two important conclusions follow from the thermal analy- short Mo$S fringes as a unique featurgig. 4. An EDS study

sis results that may provide insight into the relation betweeng, ojeq that the solids were highly homogeneous, with almost

pre-catalyst composition and the high activity of the final cat-ha same Co/Mo atomic ratio (fluctuating between 0.45 and

alysts. First, the reductive transformation of the pre—catalystaG) within the limits of the EDS spot resolution, which in our

to molybdenum sulfide occurred at considerably lower tem_'case was 15 nm. Moreover, the length of the slabs and their

pgrgturelz tr;an thz} O; thebpa_re_nt tr:ji_o molyb(cjjatelfs_:glts, which 'Stacking (estimated as 3.3 nm and 3 slabs per crystallite, re-
obviously favorable for obtaining dispersed sulfides. Secondye i ely) were much lower than those of the MaSaterial

no exothermic events were observed during the decompositiqgSued from the TDM decomposition (11 nm and 7 slabs), as
of the pre-catalysts. In all likelihood, the large amount of organghown inFig. 4c '

ics that are eliminated with endothermic effects prevents rapi
crystallization of Mo$, thus preserving itin a highly dispersed ~ Summarizing the foregoing results, we can state that a sim-
state. ple room temperature synthesis has been developed that enables
XRD showed that the pre-catalysts are amorphous, whereass to obtain pre-catalysts that can be transformed by further
further sulfidation yielded dispersed Mp$Fig. 3) with no  sulfidation to highly active HDS catalysts. The preparation in-
cobalt-containing crystalline phases. Rietveld refinement of theludes reaction of TDM with cobalt nitrate in a mixed solvent
XRD patterns gave the degree of stacking for the (002) broath the presence of a nonionic surfactant. Although no system-
peak, in the same sequence as that of the specific surface amic study was carried out for screening of different solvents

200

Intensity, a.u.

150

3 13 23 33 43 53 63 73
2 6 (degrees)

Fig. 4. Transmission electron microscopy images of the sulfided Co-D solid at the magnifications 400 000 (a) and 800 000 (b); the product of TDMidecomposi
observed at the magnification 400 000 (c).
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and textural promoters, similar reactions in formamide and
dimethylformamide were studied previously (thiomolybdates 300 4
are easily soluble in these highly polar solvents), but the re-
sulting catalysts had moderate surface areas and HDS activity.
Tetraalkylammonium-based surfactants were also studied, sim-
ilar to the systems described previouf?], but despite good
textural properties, their HDS activities were again low, prob-
ably due to the poisonous nitrogen-containing residuals issued
from the decomposition of alkylammonium moieties. In addi-
tion, polyvinylpyrrolidone was tried as a textural promoter in
similar conditions, but without success. Of course, this does not 0 . . . .
mean that the route described in this work provides the only and 0 0.2 0.4 0.6 08 1
best solution to the problem. P/PO

——Co-D —&—Co-M

o

=1

S
L

N2 adsorbed, (cm3/g)

1=
S
L

3.2. Optimization of the textural and catalytic properties
After establishing the general approach to the synthesis of 4 —=—CoM ——CoD
Ni(Co)-Mo-S solids, we proceeded to a more detailed study
of various synthesis parameters to better understand and opti-
mize this technique. The HDS of thiophene was chosen as a
screening reaction; the specific surface areas and/or nitrogen
adsorption—desorption loops of the solids were compared si-
multaneously. There often is close similarity in the behavior of
cobalt and nickel in reactions with thiomolybdates, but there
also are strong differences, particularly in the catalytic prop-
erties of the solids obtained. In what follows, sometimes only
cobalt is discussed, with the assumption that the same holds for

nickel as well. In other instances, the differences between theig. 5. Nitrogen adsorption—-desorption isotherms for the sulfided solids Co-M
two metals are emphasized. and Co-D (a) and the BJH pores distribution (b). The isotherm of CoM is shifted
up by 50 scale units for better presentation.

N
I

dV(p)ldR

R(nm)

3.2.1. Influence of the nature of the molybdenum source

The influence of the molybdenum source was quite straightyielded mesoporous solids with a somewhat higher surface area
forward in terms of the composition of the precipitates. If re-than that of the product of TMM decomposition under the same
actions (1) and (2) occurred, then the amount of cobalt fixegonditions (50 rf/g) [36]. We did not observe any advantage of
in the precipitates should be strongly affected by the nature e TDM over the TMM precursor in terms of textural proper-
the thioanion used. Indeed, chemical analysis confirmed thales; however, because TDM systematically led to higher HDS
the amount of cobalt was approximately two times higher inactivity than TMM, our study was focused mostly on the TDM-
the TMM-derived solids than in the TDM-derived solidea¢ ~ derived specimens.
ble 1). After sulfidation, the solids obtained from the TMM  We also studied the trimolybdate M®13?>~ ammonium
precursor always contained considerable amounts of cobalt sualt, but its poor solubility in water and alcohols prevented us
fide, C@Ss. An excessive amount of cobalt led to segregation offom using it as a precursor. Thermal decomposition of this
the bulk CeSg phase, whereas the surface areas and porositiglt in the HS/H, mixture resulted in solids with surface ar-
of the TMM-derived solids prepared using Co and Ni nitrateseas of 1-5 rf/g. Earlier, the M@S1*~ anion in combina-
were at least as good as those of the TDM counterparts. TH&N with nickel was applied to obtain highly active alumina-
specific surface areas were slightly lower, but pore sizes angupported HDS catalysts using the impregnation technique with
volumes were considerably great&id. 5), which is generally ~dimethylformamide solution§39]. Among the great variety
considered an advantage for hydrotreating catalysts. In contragf existing thiomolybdates, other anions, such a8~ or
to TDM, the TMM-derived specimens had very large pore sizeM02Sg?~, might provide optimal stoichiometry of the precip-
distributions, with mean pore sizes close to 10 nm. The proditates[40-42] However, the existing preparation methods for
ucts of the TMM reactions with Co and Ni acetylacetonates hadhese thioanions are far more complex than those for TMM,
very low surface areas (10-20%ig) and are not discussed in and TDM.
this paper.

Earlier, bisthiometalato complexes of the typ€(MS4)2]"~  3.2.2. Influence of the organic surfactant admixture
(n=2or 3, M = Co or Ni, and M= Mo or W) were used as The variation in HDS activity as a function of the surfactant
precursors for the preparation of hydrotreating catalysts, buinolecule used was minoFig. 6). Similar chemical composi-
the catalytic activities as well as specific surface areas wertons and very similar morphologies of the pre-catalysts were
moderatg38]. In contrast, decomposition of TDM reportedly obtained using different grades of Tergitol, Imbentin, or Triton.
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200 - [

12 1 § ——CoA-D ——NiA-D
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Fig. 6. Thiophene HDS rate constants measured at 573 K and surface areas of
the pre-catalysts prepared using different surfactants grades.

Such a weak dependence indicates that no particular compo- Fig. 7. Pore size distribution in the catalysts sulfided at 673 K.
sition, but rather a wide variety of chemically similar surfac-

tant molecules, is suitable for our preparations. More genefyrted preparations, the nitrate solution was brought into direct
ally, as follows from our previous resulfgl,22]and literature  -ontact with the Mo$ surface and was thus able to oxidize

data[43-45] numerous organic chemicals can be used to imj; | this work, the nitrate ion served merely as a charge-
prove the HDS activity of sulfides with relatively good results. compensating species in the Co precursor and was present only
Indeed, various oxygenated compounds, including triethyleng, race amounts in the pre-catalyst. Therefore, the differences
glycol, EG, and triethylene dimethyl glycol, can be applied topepyeen nitrate and acetylacetonate probably exist only on the
improve catalytic activity{44,45] We suppose that carbona- |eye| of nucleation and growth kinetics during the precipitation
ceous species formed through the decomposition of these ogiep. We suppose that other soluble salts of cobalt or nickel,

ganic counterparts during the sulfiding treatment of the catalysguch as sulfate, chloride, or acetate, can be used for this type of
precursors disperse well over the sulfide particles, preventingreparations with the same success.

Mo$S; slabs from sintering. The efficiency of such an approach  The slightly acidic pH of the cobalt nitrate solution was sus-
was illustrated earlier by the fact that pure MaBnnot be pre-  pected to be the reason for the nonstoichiometry of the Co—Mo
pared with BET surface areas exceeding 50-60gnwhereas precipitate (see below). To improve the reaction conditions and
the materials containing some carbon exhibit stable surface agnsure strictly stoichiometric precipitation, we tried to carry out
eas attaining 300-4004yg and have considerably higher cat- the precipitation under basic conditions, using soluble ammo-
alytic activity than pure MoB|[21]. niac complexes, obtained by adding agqueous ammonia to the
nitrate solution, up to pH 12. Although the ammoniac cobalt
3.2.3. Influence of the nature of the Co and Ni precursors complex reacts easily with TDM, the composition of the precip-
Earlier, we observed that impregnation of dispersed unsupitate (atomic ratio of Co/Me= 1.2) was not what we expected.
ported Mo$ or of supported, pre-sulfided Me®\l>03 cata-  The corresponding catalysts had a low activity and exhibited
lysts with aqueous Co(N§), - 6H20 led to a poor promoting the presence of the G8s phase after sulfidation. Apparently,
effect[25,26] The negative influence of cobalt nitrate was ex-reactions other thafi) and (2)also may occur under basic con-
plained by the oxidative destruction of M@8y nitrate anions, ditions.
an effect that was particularly pronounced in aqueous solution.
In an attempt to avoid this phenomenon, we used cobalt acetyB.2.4. The influence of the Co/Mo atomic ratio in the reaction
acetonate, Co(acag)as a promoter and obtained a much bet-mixtures
ter promotion effecf25]. It was therefore of interest to verify If the stoichiometric reaction§l) and (2)were the only
for the preparations under study whether the use of acetylac@rocesses occurring in solution, then there should be no depen-
tonate has a beneficial effect on catalytic performance. Thudence between the composition of the pre-catalyst composition
we replaced cobalt or nickel nitrate by the equivalent amounénd that of the reaction mixtures. In practice, however, it is well
of the methanol solution of the corresponding acetylacetonat&nown that the composition of dispersed precipitates can be
keeping all other catalyst treatment procedures the same. Thefluenced by various phenomena, such as adsorption and oc-
results of the HDS testsTéble 1) showed a slight advantage clusion. Furthermore, secondary reactions may be more or less
for the acac-derived solids over their nitrate-derived counterimportant as functions of the reaction conditions. Therefore, the
parts. The specific surface areas of the acac-derived solids wetatalysts were prepared in solution with varying (Ni)Co/Mo ra-
equal to those of their nitrate counterparts, whereas their porosiios. The chemical compositions of the precipitates as a function
ties were much better developdeid. 7). However, the differ-  of the (Ni)Co/Mo ratio in the solution are shownfiig. 8 The
ence between the nitrate and acac precursors was much lonemounts of nickel (cobalt) varied slightly, and were close to
than that observed earlif25]. This might be explained by the those expected frorl) and (2) This variation may be due to
differing mechanisms of catalyst genesis. In the previously rethe slightly acidic pH of the nitrates, which could provoke par-
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catalysts were not strongly affected, the origin of this effect is
likely related to the influence of the concentration of the metal
species on the kinetics of nucleation and growth of precipitate
particles. A detailed study of such kinetics is beyond the scope
of this work.

3.3. 4-6 DMDBT hydrodesulfurization activity

The ultimate goal is to synthesize catalysts for deep HDS
that can remove the most refractory sulfur-containing mole-
cules, such as alkyldibenzothiophenes, from the feeds. Accord-
ing to the literaturg46—48] the transformation of 4,6-DMDBT
occurs through two main parallel routes: the direct HDS path-
way (DDS), which gives biphenyl (BP), and the hydrogena-
tion route (HYD), consisting of a preliminary hydrogenation
of one aromatic ring, yielding tetrahydro- and hexahydro-
dibenzothiophene or analogues (HN). These intermediates can
be further desulfurized to cyclohexylbenzene (CHB). Other
mechanisms exist, including isomerization, demethylation, and
C-C bond scission in the DMDBT molecule before the HDS
step. These mechanisms are less important for the conventional
sulfide catalysts.

The results of catalytic tests given Taible 2show that our
catalysts had very high HDS activity, up to six times greater
than those of commercial NiMo and CoMo alumina-supported
systems per gram of catalyst. Moreover, our best unsupported
catalysts were more active than the commercial references even
per molybdenum atom (53 and 4010~8 mol/(ats) at 573 K
for Co-D and CoMo/A}Os, respectively).

To test catalyst stability, we performed deactivation tests for
at least 50 h and compared our catalysts with commercial ref-
erences. During the first 50 h, deactivation was lower for the
unsupported catalysts than for the NiMo reference.

The screening of HDS activity with the thiophene test pro-
vided only a qualitative estimate of the catalytic performance
in 4,6-DMDBT desulfurization. There was no direct correla-
tion between thiophene and 4,6-DMDBT HDBig. 10, be-
cause the catalytic transformations of 4,6-DMDBT are obvi-
ously more complex than those of thiophene. In terms of total
conversion, the same order of activity as in thiophene HDS was
preserved, with nickel-containing systems slightly more active
than their cobalt counterpart3gble 9. However, when cal-

Table 2

Fig. 9. Specific surface area and thiophene HDS rate constant at 573 K for Ni-B,6-DMDBT conversion rates of unsupported catalysts and commercial refer-

solids as a function of the initial Ni/Mo ratio in the reaction mixture solution.

tial precipitation of the amorphous binary sulfides Masd

ences

Catalyst Total 4,6-DMDBT

conversion, 108 mol/(gs)

4,6-DMDBT HDS
products, 108 mol/(g s)

MoSs [33]. In agreement with the hypothesis on stoichiomet-

533-553-573 K

533-553-573 K

ric reactions, the (Ni)Co/Mo atomic ratio in the precipitatesco-p

changed weakly on varying the (Ni)Co/Mo ratio in the solution. CoA-D

In contrast, the specific surface areas and HDS activities werd-D
significantly affected by the (Ni)Co/Mo ratio in the solution Ni-M
(Fig. 9. With high nickel or cobalt content, both the specific o

surface areas of the sulfided solids and their HDS activities deiCoMo/Al,03

4.8-10.5-23.4 3.9-9.6-22.1
3.7-7.1-15.5 3.2-5.5-13
3.9-8.8-23.1 1.5-4.9-19.4
NiA-D 5.3-12.5-24.8 1.5-4.0-15.2
25-45-71 1.6-2.7-4.3
2.2-43-95 1.2-3.2-8.7
1.0-2.0-4.3 0.9-1.8-3.6
1.8-3.2-5.1 1.3-25-4.9

creased, even if no bulk sulfides were observed in the sulfide@NiMo/Al ;03

solids. Because the chemical and phase compositions of the pre- Commercial reference.
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Fig. 10. Thiophene HDS rate vs. 4,6-DMDBT HDS rate at 573 K for the cata-Fig. 12. Arrhenius plots of the 4,6-DMDBT HDS reaction rate for the unsup-

lysts studied in this work. ported catalysts and alumina-supported reference.
100 T I in the isomerization ob-xylene. Therefore, the methyl group
< 80 m 3'-3'DMBCH migration pathway should be of minor importance.
Z 60 B 3-(3'MCH)T A possible explanation for the unequal thiophene and 4,6-
2 0 3-3-DMBP DMDBT activity sequences might be the unequal distribution
o 401 m 4,6-HDMDBT of CoMoS (I) and CoMoS (ll) phases in the supported and
@ 20 J unsupported catalysf52,53] Obviously, the unsupported cat-
0 . , alysts contain more of the CoMoS (ll) phase. A more highly
533 553 573 stacked CoMoS (ll) phase should be advantageous for the re-

action of the large 4,6-DMDBT molecule, whereas the small
thiophene molecule can easily be transformed on both type |
and type Il CoMoS phasel$4]. Further elucidation of this

m 3-3'DMBCH guestion is needed, however.
8 3-(3MCH)T

O 3-3-DMBP
H 4,6-HDMDBT

3.4. EXAFS study of the pre-catalysts and the sulfided solids

Selectivity, %

Reactiong1) and (2)of pre-catalyst precipitation would re-
main hypothetic and the foregoing discussion purely specula-

533 553 573 tive without a proper structural study of the pre-catalysts and
T.K sulfided solids. While the sulfided solids contained a dispersed
(®) MoS; phase, the pre-catalysts were very ill-defined and difficult
Fig. 11. DBT conversion selectivity for the Co-D (a) and Ni-D (b) catalysts astO characterize. Indeed, all of the pre-catalysts were completely
a function of the reaction temperature. XRD amorphous and exhibited continuous total absorption on

UV-vis diffuse reflection spectra. The broad XRD maxima
culated for HDS only, the cobalt and nickel-containing systemavere treated using the RAD program of Petkov to extract the
were virtually equal. The selectivity at the same conversion wagdial distribution function (RDF]S5]. However, the result-
much more in favor of direct HDS for the Co—-Mo-S systems,iNg RDF (not shown) was almost feaFureIess and dominated by
whereas nickel-promoted catalysts were better in hydrogen# Proad peak at ca. 2.4 A, suggesting the presence of Mo-S
tion (Fig. 11), in agreement with previous studigt9—51} bonds, a conclusion that contributes little to a better understand-

The activation energies for the Co—Mo-S solids measured iwg of these_ systems. Raman specira of the pre-catalysts were
the range 533-573 K were similar to those of the Co—Mo—SPf poor quality as well. Broad peaks were observed at 320, 430,
. . . and 525 cm!, characteristic of the Mo—S and S-S bonds in
Al,O3 reference Fig. 12). This suggests that the active cen-

. the amorphous sulfidd$6]. Again, this result was expected,
ters of the Co-Mo-S phase in the supported reference catalyghd adds nothing to our knowledge of these solids. Moreover, a

and our unsupported sulfides are similar. However, the unequghong overlap in the vibration frequencies of¢Sgand MoS

advantage of our systems over the reference catalyst in the rgyfiges prevented us from distinguishing the lines of the corre-
actions of thiophene (about two times) and 4,6-DMDBT (up tosponding species.

SiX timES) remains UneXplained. Differences in the aC|d|ty of the EXAFS is the most appropriate technique for e|ucidating
solids can be eliminated, because the selectivities of the suphe structure of amorphous or poorly crystalline solids. Several
ported and unsupported systems of the same chemical natugelids were studied by EXAFS before and after ex situ sulfida-
were similar. Moreover, at the pressure and temperature coition to clarify the chemical identity of the pre-catalysts and the
ditions of the 4,6-DMDBT HDS test, the solids were inactive catalysts. For this study, accurate determination of the coordina-
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K -edge sulfur shell in the CoD pre-catalyst. Curves correspond to the CN val-

ues obtained in the fit for different values/ofveighting (KW). 1.2
—.-—-CoAD

tion numbers was particularly important, because the nature of T7Ced ,

. N IR CoA-D-imbentin
the molybdenum neighbors (sulfur) obviously does not change . 0.8 - Co.D sulided
from the thiomolybdate precursor to the pre-catalyst and fur- & 06 . o
ther to the sulfided solid. Therefore, structural changes may be § S
observed only on the level of the number of coordinating sul- & 0.4 -
fur atoms and modifications of the distances. Extraction of the 8 B EEEEEE
background is important to finding the true values, because it in- 21 e
fluences the intensity of (k) and then that of the FT modulus. ol T //
Because there is no physically rigorous automatic algorithm 02 —Mﬁ,#. . . .
of background extraction, we varied the regularizeaind the 7600 7700 7710 7720 7730 7740 7750

number of knots (KN) in the Bayesian smoothing algorithm of
the Viper software to find a plateau stability zone in the space
(KN—«). Within the series of similar specimens, the values ofFig. 15. Pre-edge and near Go-edge regions for the spectra of several pre-
(KN—«) optimized for one spectrum were usually suitable forcatalysts and Co-D solid after sulfidation.

the other spectra as well.

To obtain the true values of the strongly correlated Debye-of XRD detectable Cgf5g after sulfidation, their EXAFS spec-
Waller (02) and coordination number (CN) parameters, decorira were not measured. The pre-edge regions of the X-ray ab-
relation was carried out using multiple fits at differebt  sorption spectra of Co nitrate, acetylacetonate, theSg cef-
weightings. The series of fits @tweightings from 1 to 3 were erence, and our catalysts were analyzed using normalization of
performed independently. Each time th&parameters for both  the edge jump, followed by subtraction of the background. The
sulfur and metallic second neighbor were fixed at some physifeatures at the pre-edge region can be related to the symmetry
cally realistic values (in the range 0.002-0.013)AThen afit  of the Co atoms, because the intensity of the pre-edge feature
was run, and the CNs were determined. The resulting curves @ greater for tetrahedral or distorted octahedral symmetry than
the CN-o2 correlation obtained at different integemeighting  for octahedral symmetry due to greagesd mixing in the first
values had an intersection point corresponding to the decorrease/57-59]
lated value, as shown irig. 13for the Co K edge of the Co-D The CoK edges in the X-ray adsorption near-edge struc-
specimen. At the intersection point, the quality of the fit passedures (XANES) region of the precursors, dry pre-catalyst, and
through a maximum and became virtually equal for the differ-sulfided solids are shown iRigs. 14 and 15For all catalysts,
ent k-weighting values. Of course, even after this procedurehe edge shape was changed from the precursor to the dry pre-
some systematic errors in the CN determination are still poseipitate and then again on sulfidation. Analysis of the XANES
sible, from other known and unknown sources, but comparisonf the precursor cobalt salts and the dried precipitates showed
of the results within the same series of measurements becomgsat the characteristic white line attributed to Co and Ni in the

E, eV

more reliable. oxygen environment was absent in the pre-catalysts. A low in-
tensity of the Cak -edge white line in the CoMoS pre-catalysts
3.4.1. Cobalt K edge indicated an increased electron population in the cobalt (nickel)

Cobalt (nickel) K-edge spectra were measured for severathird level. At the same time, the energy position of the adsorp-
reference compounds, including the precursors, the dried préion edges in the pre-catalysts shifted toward lower energies,
catalysts, and the sulfided solids obtained from the TDM prein agreement with the sulfided state of the Co spef3€s-
cursor. Because the TMM-derived solids contain large amount81]. A small but reliably determined pre-edge shoulder above
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....... Model Table 3
Experiment Parameters resulting from the fit of Co(N)}-edgek2-weighted EXAFS spec-
5 tra for the unsupported catalysts and commercial referenckes=(3—12 AL
AR=05-4A)
“ Sample Atom R SR N 8N o2 AE R
z 04 &) AY (V) ()
8 Co-D-NH; S 221 00015 32 007 00093 22 4
Co 314 0004 11 01 0.0075 101
5
Co-D S 219 0006 37 04 0007 -16 12
Mo 3.26 0003 Q8 04 0009 -50
-10 ' Ni-D s 221 0008 37 03 0008 -14 16
3 5 7 ° M Mo 324 003 07 04 0011 -52
k(AT
@) Ni-D S 220 0006 32 02 0006 -21 11
10 sulfided ex situ Mo B1 0003 11 04 0007 -43
8 - Im Ni-D S 219 0007 36 05 0009 -18 19

—— Modulus Imbentin Mo 325 003 08 04 0013 -38
Model Im
Model modulus

Ni-D S 219 0007 31 03 0006 -24 14
Imbentin Mo 282 003 15 03 00065 —45

3

©

[

S 24 sulfided ex situ

TEl 0 - NiA-D S 220 0008 34 04 0009 -13 16

®© 5 Mo 3.27 003 06 04 0012 -44

|_

b 4 4 CoA-D S 219 0008 35 04 0009 -12 14
6 - Mo 3.24 004 07 04 0012 -38
8 : : CoA-D S 221 0007 33 05 0006 -20 15

sulfided in situ Mo 281 003 12 04 0008 -45

0.5 15 25 3.5

R A CoA-D S 220 0008 35 05 0007 -15 14
) ’ sulfided ex situ Mo B2 002 10 05 001 -5.0
Co-D S 221 0007 37 04 0009 -20 18
Fig. 16. Two-shell fit of the Ca& -edge for the dried pre-catalyst Co-D in the Triton X100 Mo 315 003 07 03 0014 -61
k-space (a) an® space (b). Im—imaginary part.

CoA-D S 221 0008 38 03 00071 —-12 11

) Triton X114 Mo 312 Q07 23 09 0015 -46
7710 eV was observed in the spectra of the pre-catalysts, due to

quadrupole and vibronically allowed43d transition Fig. 15. ~ COMo/A20s* S 2220007 37 04 0007 -05 14
Because a pre-edge peak is not expected for an octahedral coer Mo 281 005 @9 02 001 -32
dination, this could be due to a tetrahedral or square-pyramidaf Commercial reference.
environment of cobalt. This feature was absent in the cobalt ni- i ) ) o
trate and acetylacetonate precursdfg(14. Thus we infer €Nce f||_es confirmed this Co—Mo contrlbuudﬁg._l?b). At the
that the cobalt coordination changed from the oxygen octahes@me time, the> parameter for the Co—S shell in the catalysts
drain the precursors to the sulfur tetrahedra in the pre-catalyst4/as systematically lower than that in the pre-catalysts, suggest-
This conclusion was confirmed by the results of fitting theind that some ordering occurred during the thermal activation.
EXAFS spectraKig. 16). The quantitative analysis of the spec- Formation of CeSg can be ruled out because in this case a
tra (Table 3 showed that in the pre-catalysts, cobalt has abou$trong Co—Co contribution should be seen at 2.50 A due to the
four sulfur neighbors and its coordination is tetrahedral rathePresence of most cobalt atoms in this structure within the Co
than distorted octahedral. The fitting suggested the presence @fbed64]. Therefore, for all of the catalysts, the EXAFS spec-
molybdenum neighbors in the pre-catalysts. Treatment of théa analysis, supported by the TEM results, suggests that the Co
spectra using the difference file technique also confirmed thatoms were included mostly in the “Co-Mo-S” stafalle 3.
presence of this shelF{g. 17a). Theo? parameter of closely The Co atoms in this state have a distorted five-fold sulfur co-
bound sulfur was lower than that of the farther away molybdeordination, and every Co atom is in contact with Mo atoms at a
num, presumably due to the high degree of static disorder ilistance of 2.80-2.83 A. As suggested in previous stUéi2s
these solids. 63], Co atoms are located in front of the square sulfur faces of
After decomposition at 673 K, the local Co environmentthe MoS trigonal prisms along the edges of the MoS8ys-
clearly changed. The3-weighted phase-corrected spectratallites. Note, however, that although the interatomic distances
showed the presence of a well-resolved feature at a distan@btained in the fits correspond fairly well to previously reported
of about 2.81 A, probably corresponding to the Co—-Mo contri-data on the CoMoS phase, the coordination numbers obtained
bution, similar to that of the “CoMoS phase” observed earlierin this work were, for some unexplained reason, systematically
[62,63] Analysis of the phase-corrected spectra of the differd{ower than the values expected from the CoMoS phase model.
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Fig. 18. FT module of M&K EXAFS spectra of the ATDM precursor and sev-
eral Co and Ni derived pre-catalysts.

A converged ink and R spaces. This excludes the formation of
\-/ amorphous cobalt thiomolybdate for the Co-D—N\édlid. Ap-
parently, at basic pH, reactions other tHahand (2)occurred
that included abstraction of sulfide ion from the TDM species
and precipitation of cobalt sulfide, leading to a poor catalytic
' performance of this solid.

FT amplitude, a.u.

37
3.4.2. Molybdenum K edge
Comparison of the absolute FT parts andeightedy os-
03 | :::::m’jz: ::‘wulus cillations of the MoK spectra revealed a remarkable similar-
’ Dbt m ity between the spectra of the TDM precursor and of several
3027 : —— Diff. modulus TDM-derived pre-catalystsHg. 18. Judging from the differ-
g 011 S ent backscattering amplitudes of the S and Mo atomsy the
% 0 - oscillations corresponded mostly to the S shell. The second
E 01 neighbor was not seen as a distinct peak or shoulder in the FT
i 02 4 curves of the pre-catalysts and the imaginary part of the FT
03 | curves. However, analysis of the difference files and statistical
’ analysis using thé test demanded introduction of the molyb-
04 ' ' ' ' denum shell.
2.3 28 3.3 3.8 4.3

(©

The XANES of the TDM and pre-catalysts were nearly in-
distinguishable, indicating that the M®, entities were pre-

served in the pre-catalysts. The TDM precursor has a com-
Fig. 17. CoK k?-weighted EXAFS Fourier transforms of the differencé)  piey structure in which the molybdenum atom has eight sulfur
files (raw EXAFS minus Co-S contribution) for the second neighbours contri-_ . . .
butions: Co—Mo in the Co-D pre-catalyst (a), Co—Mo in the sulfided Co-D (b),nelghbors at dIStance_S rang.lng from 2.383 to 2'47Y65]'
and Co—Co in the Co-D-Ngi(c). Solid curves correspond to the difference ONe molybdenum neighbor is present at 2.823 A. Using the
files; dashed curves represent the best fit model. EXAFS spectrum of the TDM, we performed a fit with nine

shells in which all distances and CN values were fixed @hd
Further elucidation of the Co—Mo-S phase structure is beyonand AE were varied but constrained to be equal for the same
the scope of this work. type of bonds (and thus this model has only four fitting parame-

Considerable differences were also noted between prders). Then the results far? and AE obtained for the TDM

catalysts that provide highly active catalysts and those that dwere taken as a departure point for a two-shell fit in which
not. In the latter case, considerable Co—Co bonding was clearlpe distances and CNs were allowed to vary as free parameters
observed both in the shape of the FT curves and in the diftFig. 19 Table 4. This simplification was necessary because it
ference files [Fig. 17c). Thus, for the amorphous Co-D-NH is impossible to obtain a reasonably converging fit using nine
pre-catalyst, a high-fidelity fit with decorrelation of CN amé  shells of the TDM structure. Apart from software performance
provides evidence of the presence of a Co neighbor, suggedimitations, the number of independent points in a typical mea-
ing the formation of the amorphous CoS compound. ReplacingurementNing = 2AkAR /7, is only about 25-30; however, to
cobalt with molybdenum as a second neighbor significantly deget an acceptable variance, the number of fit parameters should
creased the quality of the fit in the model, which no longerbe considerably lower. But the CN values obtained for the ref-
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experiment Table 4
O Y A U U R Parameters resulting from the fit of M&-edgek?-weighted EXAFS spec-
61 : tra for the unsupported catalysts and commercial references (two shell model
4 (Ak=25-14 A1 AR =05-4 A))
o 27 Sample Atom R SR N 8N Ao AE R
x 2
< 09 A) (A%) (eV) (%)
= 2 TDM S 2440 Q005 58 02 00045 25 13
4 Precursor Mo 823 001 10 015 00041 91
1 Co-D-NH; S 2450 Q009 58 05 00050 30 17
-8 4 Mo 2.815 Q02 12 08 0.0060 10
10 ) : : ¥ " Co-D s 2453 Q005 55 03 00063 34 9O
Mo 2.819 Q03 12 03 0.0061 875
k, A
@) Co-D S 240 0007 46 05 00029 32 21
20 sulfided Mo 317 002 30 08 00045 92
Im Co-M S 238 0009 35 06 00080 23 19
157 Modulus Mo 297 003 13 04 00110 90
wd /it Model Im .
s o1 STt Model Modulus Ni-D S 245 0006 61 05 00055 17 9
q“; 5 Mo 282 0015 Q08 03 00050 78
g J
% Ni-D S 241 0007 41 04 0.0029 16 20
£ 0 sulfided Mo 3146 Q013 26 07 00042 80
n -5 CoA-D S 2448 Q007 57 04 00047 211 10
Triton X114 Mo 2834 0028 10 02 00066 858
-10 A
Co-D Triton S 2451 Q007 61 04 0.0051 27 9
15 . : : Mo 2818 Q02 09 015 00053 83
0-5 15 25 35 Co-D Triton S 2408 mO7 47 05 00035 196 17
R®A) sulfided Mo 3168 M5 29 09 00054 81
(b)
CoA-D S 244 0008 58 05 0.0056 25 14

Fig. 19. Two-shell fit of MoK edge in the Co-D dried pre-catalyst in the Triton X114 Mo 283 002 08 07 0.0065 90
k-space (a) an® space (b).

erence TDM specimen in the two-shell model fit were signifi—is not equivalent to the effective increase in the stafipara-

cantly lower than the real values. The reason for this apparef€ter, because the spectrum damping at higalues is not the

CN decrease was the spectral nonadditivity due to the phas?ﬁ'imfe '|n both case's. Obwous]y, stating a rigorous approach to
differences between several scatterers having close but unequf fitting problem is not possible at present. ,
distances. Indeed, a significant negative interference exists be- Whatever the model applied to fit the spectra, it follows
tween sulfur scatterers in TDM positioned at 2.38 and 2.47 Affom our results that the M, moieties were preserved in

as verified by direct comparison of the model spectra. Takind'€ Pre-catalysts. At the same time, the coordination sphere of
into account these limitations, the physical meaning of the fitoPalt was changed drastically. Therefore, we assume that the
parameters in this case should be considered a fingerprint of tiflithiomolybdate moieties were attached to cobalt with open-
averaged multiple Mo—S bonds. AnalysisTable 4shows no N9 of the dlsulfldg S-S bonds and formation of covalent Cp—S
important changes in the CNs and average distances of the prlé_c_mds._Th_e tentative structural s_ketch of_the pre—catalygt is de-
cipitates compared with TDM. We found a slight increase ofPicted inFig. 20 In agreement with reactiof2), the chemical

the average bond distance in the precipitates compared with tifgvironment of molybdenum in the precipitates depended on
parent TDM and, as expected, highe? values for the Mo—S neither the nature of the VIII group metal precursor nor the
bonds in the disordered precipitates.

Earlier, Hibble and Feaviour applied a two-shell model in
their study of the thermal decomposition of TOBI7]. The re-
sulting molybdenum CN was significantly lower than it should
be in the starting TDM material. To deal with this discrepancy,
the authors had to introduce unrealistically higR factors
(0.012 & in the crystalline TDM at room temperature). Using
model clusters, Clausen et #6], Shido and Prin§67], and
C_ala‘,ls e,t al[68] demonStrateq that CN is S_enSItlve to the radlalFig. 20. Tentative model of the Co-D pre-catalyst structure. Light grey circles—
distribution of the bonds and is lower than its actual value Wher; atoms; grey circles—Mo atoms; black circles—Co atoms. For better presen-
an asymmetric distribution is present and a normal data analyation not all the S atoms from the S—S groups are connected to the Mo atoms,
sis is performed. Note that the asymmetric distribution of bondgven if they belong to the first coordination sphere.
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nature of this last metal. Indeed, nearly perfect coincidenc¢éhiomolybdate anion applied. Residual carbon in these solids
of the FT transforms was observed for the initial TDM andplayed an important role in stabilizing their morphology and
pre-catalysts obtained from the nitrate or acetylacetonate preatalytic activity. Optimization of the promoted unsupported
cursors. The same was true for the comparison of the nickeNiMo and CoMo systems allows us to obtain catalysts with very
and cobalt-containing pre-catalysts. high activity in the HDS of thiophene and 4,6-DMDBT. The
For the less important TMM-derived solids, we studied onlyEXAFS study at the Co, Ni, and Mo edges clarified the coor-
one Co-M specimen at the M& edge. Obviously, the TMM- dination of the transition metals in the amorphous pre-catalysts
and TDM-derived solids exhibited large differences in the coor-and Ni(Co)MoS sulfided phases.
dination shell parameters. A low coordination number suggests Many future improvements in these systems can be envis-
the presence of MaSentities within the structure of the dried aged. Although their specific activity is very high, their intrin-
Co-M precipitate. Comparison of the spectra of Co-M and Co-sic performance is still lower than that of supported catalysts,
D prepared under the same conditions showed considerablyecause many Mo atoms remain inaccessible for catalytic re-
highero? values for the TMM-derived solid. A highly disor- actions. Thus, further improvement of the molybdenum disper-
dered amorphous CoMg@®ompound can be envisaged as ansion remains possible. Thiomolybdates and ammonium sulfide
adequate model to explain our observations. are not really basic chemicals; furthermore, the amounts of
Sulfidation led to the decrease in the sulfur CN and to the coerganic compounds in the solutions are relatively high, mak-
ordination shell ordering, related to a significantly decreased ing large-scale preparations potentially expensive. Therefore,
parameter. In agreement with the formation of disperseddyloS the solution reaction should be simplified to obtain mixed sul-
the molybdenum neighbors became more distant and increaséides in one step. The next challenge will be to prepare these in
in number. As is often observed in the EXAFS of dispersedagqueous solution using simple precursors, such as ammonium
MoS, catalysts, the coordination numbers obtained for bothimolybdate or molybdic acid, commercially available cobalt
Mo and S were lower than the theoretical values. The presenlts, and cheap and nontoxic sulfur sources, the best one be-
of the cobalt neighbor could not be inferred from the Me  ing elemental sulfur.
edge spectra of the Co—Mo-S systems, because the heavy and
abundant molybdenum neighbor prevented the observation ofReferences
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