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Abstract

Highly dispersed Ni(Co)–Mo–S sulfides were prepared by simple room temperature solution reactions using nickel or cobalt
thiomolybdate precursors in the presence of nonionic surfactants. The products were characterized by X-ray powder diffraction, sp
face area measurements, and scanning and transmission electron microscopy. The evolution from amorphous pre-catalysts to high
sulfide catalysts during the activation step was studied by thermal analysis. Extended X-ray absorption fine structure measurements w
out to elucidate the chemical environment of the transition metals in the precursors and the sulfided catalysts. The specific catalyti
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 com
alumina-supported systems.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Because of the need to minimize the negative environme
effects of automotive and nontransportation exhaust emiss
the authorized sulfur level in motor fuels has been gradu
decreasing during the recent years. Many different approa
have been proposed to eliminate sulfur-containing molec
from the petroleum feedstocks. Some of these proposals
based on novel processes, whereas others attempt to im
on the existing hydrotreatment (HDT) technology. Becaus
the much lower investment costs, the use of more active c
lysts is the most attractive solution for petroleum refiners. S
a demand for more active HDT catalysts has triggered a
nificant increase in research activity on HDT catalysts[1–4].
These studies have shown in particular that one way to imp
the MoS2-based catalysts could be to increase the active p
loading or use bulk sulfides. The emergence of highly loa
sulfide catalysts[5,6] demonstrates that sulfide-based syste
even though known for many years, still have great potentia
improvement.

Molybdenum disulfide (MoS2) promoted with Ni or Co is
the basis of commercial HDS catalysts[7–13]. It is commonly
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accepted that in the active structures of these catalysts, the
moter atoms are located at the edges of the MoS2 sheets in the
form of the so-called Ni(Co)–Mo–S structures. The catal
activity is strongly dependent on the dispersion of the Mo2
phase and the ratio of edge sites to basal plane area, as w
on the stacking of the MoS2 slabs. Therefore, control of MoS2
morphology is crucial to obtaining highly active HDS catalys

Various alternative methods for preparing dispersed M2
have been developed recently, including thermal decompos
of thiosalts[14–16], hydrothermal and solvothermal process
[17–21], and solution reactions[22,23]. Thus prepared, bul
or highly loaded supported molybdenum sulfide can be fur
promoted by cobalt or nickel[24–26]. However, introduction o
the promoter always represents a delicate procedure, and s
methods for one-step preparation of promoted sulfide dis
sions still represent a challenge. The present work deals
such simple solution reactions.

2. Experimental

2.1. Preparation of the catalysts

Catalyst preparation was carried out in two stages. F
the pre-catalysts were prepared in the aqueous or mixed

http://www.elsevier.com/locate/jcat
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Table 1
Preparation conditions and properties of selected catalysts after sulfidation

Solid
designation

Precursors and
surfactant used

Chemical composition S

(m2/g)

R(p)a

(nm)
MoS2 size,

XRD (Å)

R(HDS), 573 K

(10−8 mol/(g s))rb C (wt%)

Co-D–H2O TDM, Co(NO3)2, H2O 0.19 Traces 52 2.1 37 30

Co-D–EG TDM, Co(NO3)2, H2O, 0.24 0.9 31 1.8 31 62
EG (50%)c

Co-D–Ter TDM, Co(NO3)2, H2O, 0.11 1.7 21 2.4 27 51
Tergitol (10%)

Co-D TDM, Co(NO3)2, H2O, 0.28 4.3 132 2.4 24 213
EG (50%), Tergitol (10%)

Co-M TMM, Co(NO3)2, H2O, 0.48 2.8 114 29 151
EG, Tergitol (10%)

Ni-D TDM, Ni(NO3)2, H2O, 0.24 3.5 130 2.7 22 416
EG (50%), Tergitol (10%)

Ni-M TMM, Ni(NO 3)2, H2O, 0.51 2.6 122 10.5 38 111
EG (50%), Tergitol (10%)

CoA-D TDM, Co(acac)2, H2O, 0.23 2.6 134 4.1 25 275
EG (50%), Tergitol (10%)

NiA-D TDM, Niacac, H2O, 0.24 3.5 132 7.5 22 461
EG (50%), Tergitol (10%)

a Mean pore size, nm.
b r = Co/(Co+ Mo) atomic ratio.
c EG—ethylene glycol, volume proportions are given.
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lutions, and then they were sulfided by gaseous reactant
prepare the pre-catalysts, high-purity starting materials w
purchased from Sigma–Aldrich. Ammonium thiomonomoly
date (NH4)2MoS4 (TMM) was obtained by adding 15 g o
(NH4)6Mo7O24 · 4H2O to 200 ml of a 20 wt% aqueous sol
tion of (NH4)2S at ambient temperature. The precipitated
crystals were thoroughly washed with ethanol, dried, and st
under nitrogen. Ammonium thiodimolybdate (NH4)2Mo2S12

(TDM) was prepared as described previously[27]. Several sub-
stances of the same family of surfactants were tried as tex
promoters. The length and the branching of the aliphatic
as well as the length of the polyethoxo fragment, were
ied. Triton X114 [polyoxyethylene (8) isooctylphenyl ethe
Triton X100 [polyoxyethylene (10) isooctylphenyl ether], Te
gitol NPX [polyoxyethylene (9) nonylphenyl ether], and oth
grades of the same molecule Imbentin N 60 [polyoxyethyl
(9) nonylphenyl ether] were tried as surfactants.

In a typical pre-catalyst preparation (Co-D specimen), 50
of aqueous solution containing 1 g (0.003 mol) of Co(NO3)2 ·
6H2O was added to a solution of 2 g (about 0.003 mol)
TDM in 100 ml distilled water, 100 ml of ethylene glycol (EG
and 30 ml nonionic surfactant Triton X114. The resulting d
precipitate was separated by centrifugation and dried overn
under vacuum at 353 K. To obtain the sulfide catalyst, the d
pre-catalyst was sulfided in flowing 15 vol% H2S in H2 at at-
mospheric pressure at 723 K for 4 h. The sulfiding gas flow
3.6 l/h, and the heating rate was 5 K/min. Several synthesis pa
rameters were varied, including the nature of the reactants
surfactant and the ratio of the transition metals in the solut
The solid designations are listed inTable 1.
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Commercial supported catalysts containing 3 wt% Co(
and 10 wt% Mo supported on gamma alumina were use
references. These were sulfided under the same conditio
the unsupported solids.

2.2. Characterization of the solids

The N2 adsorption and desorption isotherms were meas
on a Micromeritics ASAP 2010 instrument. Pore size dis
butions of the samples in the mesopore domain were ca
lated from the isotherms by the Barrett–Joyner–Hallenda (B
method. The BJH pore size distributions were calculated f
the desorption branch of the isotherms. The X-ray diffract
(XRD) patterns were obtained on a Bruker diffractometer w
Cu-Kα emission; the diffractograms were analyzed using
standard JCPDS files. MoS2 particle size was determined usin
Scherrer’s equation.

Chemical analyses were carried out using the atomic e
sion method. Scanning electron microscopy (SEM) ima
were obtained on a Hitachi S800 device at the CMEABG c
ter of Lyon Claude Bernard University. Transmission elect
microscopy (TEM) was performed with on a JEOL 2010
vice with an accelerating voltage of 200 keV. Thermal analy
was carried out on a Setaram device under inert gas flo
a heating rate of 5 K/min. The gaseous products evolved
heating of the samples were studied using a mass spectro
(Gas Trace A; Fison Instruments) equipped with a quadru
analyzer (VG analyzer) working in a Faraday mode. A sil
capillary tube heated at 180◦C continuously bled off a propor
tion of the gaseous reaction products.
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The extended X-ray absorption fine structure (EXAFS) m
surements were performed at the Laboratoire d’Utilisation
Rayonnement Electromagnétique (LURE, Orsay, France)
the XAS 13 spectrometer using a Ge (400) monochrom
The measurements were carried out in the transmission m
at the CoK edge (7709 eV), NiK edge (8333 eV), and MoK
edge (20000 eV) at ambient temperature, with 2 eV steps
per point. The sample thickness was chosen to give an ab
tion edge step of about 1.0 near the edge region. Phase
and backscattering amplitudes were obtained from FEFF[28]
calculations on model compounds. FEFF calculations for
pre-catalysts were done using the ICDS structures of the
responding TMM and TDM precursors; and for the sulfid
Co(Ni)MoS phases using the MoS2 structure for the Mo edg
and for the Co edge by replacing the Mo scatterer by co
in the MoS2 structure. The EXAFS data were treated with
VIPER program[29]. Background extraction after the edge w
carried out using Bayesian smoothing with a variable num
of knots. The curve fitting was done alternatively inR andk

spaces, and the fit was accepted only in the case of simul
ous convergence (absolute and imaginary parts for theR space).
Coordination numbers (CN), interatomic distances (R), Debye–
Waller parameters (σ 2), and energy shifts (�E0) were used as
fitting variables. Constraints were introduced relating the fit
parameters, to obtain the values lying in physically reason
intervals. The quality of fit was evaluated using the values
variance and goodness. Comparisons between the mode
ing different numbers of parameters were made based o
F -test. Second-shell Mo and Co backscatters were ident
by the difference file technique with phase-corrected Fou
transforms[30].

2.3. Catalytic tests

Catalytic activity for thiophene hydrodesulfurization (HD
was measured at atmospheric pressure in a fixed-bed flow
croreactor. In the temperature range 573–613 K, the thiop
conversion was<30% under the conditions used (50 ml/min
gas flow, 50–60 mg catalyst), and the plug-flow reactor mo
was used to calculate the rate constant

k = F

mC
ln

1

1− x
,

wherek is the pseudo-first-order rate constant (m3/(g s)),F is
thiophene molar flow (mol/s), m is catalyst mass (g),C is
thiophene molar concentration (mol/m3), andx is conversion
determined after 15 h time on stream.

Catalytic tests for the HDS of 4,6-dimethyldibenzothiophe
(4,6-DMDBT) were carried out in a three-phase continu
flow microreactor with dodecane as the solvent, working w
a total mass liquid flow of 3.8 g/h, Ptot = 3 MPa, and H2
flow = 26 cm3/min, at three different temperatures (533, 5
and 573 K). The catalyst mass was approximately 30 mg.
4,6-DMDBT content in dodecane was 300 ppm. The prod
were analyzed by gas chromatography.
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The specific rate was calculated according to the follow
expression:

r = F

m
(ConvDBT),

wherer is the specific rate (mol/(g s)),F is the molar flow rate
of the reactant (mol/s), ConvDBT is the conversion of DMDBT
andm is the catalyst weight (in g). All rates were estimated
low conversion (<15%).

3. Results and discussion

3.1. Solution syntheses and properties of the products

3.1.1. The choice of synthesis route
The goal of this work was to find a simple and rep

ducible technique to allow the preparation of high-surface a
unsupported promoted Co(Ni)–Mo sulfides. Several prep
tion approaches were tried and rejected, including mod
ing the homogeneous sulfide precipitation[31], decompositing
impregnated thiomolybdate[32], and coagulating the MoSx
nanospheres prepared as described previously[33] with solu-
tions of Co or Ni salts. All of these techniques produced c
lysts with moderately good activity, but the properties of the
tained solids were difficult to reproduce, probably because i
of these cases, the efficiency of the promoter distribution o
the molybdenum sulfide depended on the macroscopic par
ters, such as solution stirring and drying conditions. To ob
homogeneous sulfide dispersions in a reproducible manne
looked for a technique that binds Co and Mo together throu
stoichiometric reaction that is as simple as possible and pr
ably occurs spontaneously at ambient conditions. The rea
of Co(II) or Ni(II) salts with thiomolybdates appeared to pr
vide such a process if the conditions were properly adjuste
described later in the paper. In these reactions, cationic sp
of VIII group metals interacted with thiomolybdate anion
leading to precipitation of solids, according to the followi
hypothetical reactions:

(1)Co2+ + MoS4
2− ⇒ CoMoS4

and

(2)Co2+ + Mo2S12
2− ⇒ CoMo2S12.

The key step in obtaining highly dispersed catalysts us
these reactions is choosing the solvent and the organic ad
ture used as a textural promoter.

The aqueous reaction of thiomolybdates with Co(II)
Ni(II) salt solutions led to the immediate formation of bla
precipitates, but their further sulfidation produced solids w
quite low HDS activity. Moreover, although monothiomoly
date is sufficiently soluble, the dithiosalt is less soluble in wa
so that the aqueous solutions used for the preparations mu
inconveniently diluted (<1 wt%). Adding EG to the reactio
mixture drastically increased the solubility of TDM and a
improved the catalytic properties of the obtained solids. H
ever, the resulting catalysts remained less active than the
mercial alumina-supported reference systems. A real impr
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(a) (b)

(c) (d)

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 the mixed sotion with
surfactant (c) and the solid (c) after sulfidation (d).
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ment was achieved only after adding a textural promoter, a
ionic surfactant that is a member of the alkyl aryl-polyethyle
glycol family. We conclude that a reaction mixture that p
vides good textural properties necessarily includes both EG
surfactant. Indeed, the same preparation carried out with
dition of the Tergitol surfactant but without EG demonstra
low activity (Table 1). It can be speculated that EG acts a
solubilizing agent, whereas the surfactant presumably prov
the organic species that remain in the precipitate and are t
formed to carbonaceous matter on further sulfidation. Ind
the carbon content in both the nonsulfided catalysts and the
fidation products was higher for the surfactant-assisted prep
tions (Table 1). The stabilizing role of carbonaceous residu
for the morphology of unsupported sulfides was noted pr
ously [22]. Moreover, Chianelli and Berhault[34] suggested
that carbon is needed to create the active metal carbosu
phases.
-

d
d-

s
s-
,
l-
a-

-

e

As shown in the SEM studies, the pre-catalysts obtai
from the mixed solvent–surfactant system have a smooth “r
like” morphology that was transformed by sulfidation to a fi
dispersion (Fig. 1). This morphology is characteristic of ou
syntheses, appearing in virtually all of the solids obtained w
participation of EG and a nonionic surfactant. All of the p
catalysts are dense, glue-like bodies with no porosity.

3.1.2. Thermal analysis of the thiomolybdate salts and the
pre-catalysts

The evolution of the surfactant-containing pre-catalysts d
ing their activation in the H2S/H2 mixture occurred with high
mass losses and significant changes in the volume of solid
multaneously, intense gas production occurred, mostly in
temperature range 473–623 K. Although the TDM precur
already contained molybdenum in the sulfided state, appl
the reducing gas flow appeared to be important for efficie
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(a) (b)

(c) (d)

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).
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evacuating carbon-containing decomposition products and
taining highly active catalysts.

Decomposition of both Ni-D and Co-D pre-catalysts and
initial TDM compound was studied under a flowing 5% H2/N2
mixture by TG-DTA coupled with mass spectrometry of t
evolved gases, with the goal of understanding the nature o
decomposition processes. The results of these measure
are presented inFig. 2. The thermal decomposition of hydrat
(NH4)2Mo2S12 has been studied previously[35–37], and the re-
action sequence(3) and (4)has been proposed to describe t
process:

(NH4)2Mo2S12 · 2H2O
→ “Mo2S11” + 2NH3 + H2S+ 2H2O (3)

and

“Mo2S11” → 2MoS2 + (7/8)S8. (4)

Alternatively, when the decomposition is carried out under
drogen, the last reaction might be partially or totally repla
with reaction(5), which has the same mass loss as reaction(4),

“Mo2S11” + 7H2 → 2MoS2 + 7H2S. (5)

Our TG-DTA analysis and mass spectrometry results cor
orate these equations. The TDM salt decomposed to
amorphous molybdenum sulfide (“Mo2S11”) as an intermedi-
ate product. The amorphous nature of the Mo2S11 solid follows
from the X-ray powder pattern (not shown), which exhibi
just broad humps with no sharp reflections. After the fi
two endothermic peaks (Fig. 2a), the mass loss was 15.3%
b-

e
nts

-

-
e

t

whereas the theoretical value for the reaction(3) was 15.4%.
From the TG curve, it is clear that this event consisted
two steps, and the mass spectra showed that NH3 (m/z = 17),
H2O (m/z = 18), and H2S (m/z = 34) were emitted. After this
event, the mass change starting from about 500 K was sm
and accompanied only by emission of small amounts of
drogen sulfide. Then a sharp and strongly exothermal e
occurred in the range 660–710 K, accompanied by the emis
of sulfur (m/z = 32) and H2S (m/z = 34). The total exper
imental mass loss of 48.9% up to 773 K was slightly low
than the value of 50.6% expected for the combination of re
tions (3)–(5). Thermal and reductive decomposition of MT
and TDM was studied in detail by Brito et al.[35], who, in
agreement with our results, observed a strong exothermal e
at about 673 K regardless of gas flow.

Investigation of the pre-catalysts Co-D and Ni-D under
same conditions showed that, in contrast to the parent T
their decomposition started at only about 473 K (Figs. 2b and
2c). The absence of any important mass loss between 273
473 K suggests that the hydrating water and the ammonium
from the parent salts were no longer present in the pre-cata
On further heating, the sample mass decreased smoothly
473 to 573 K, then accelerated somewhat above 573 K
623 K, the decomposition was nearly accomplished. (Tha
the parent TDM salt was not finished until 723 K.) Simul
neous with the mass loss was the emission of several g
including H2O, CO, and H2S and many organics, among whi
the dominating species detected by mass spectrometry
CH2O (m/z = 30) and CH4 (m/z = 18; to distinguish its sig
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nal from that of water, the signals atm/z = 14 and 15 were
analyzed). The mass loss was monotonous with no notice
steps. Because the pre-catalysts are complex composites
no well-defined chemical formulas, chemical equations c
not be written down to calculate the mass losses. Howe
for all of the pre-catalysts the mass losses were about 70 w
which corresponds to removal of all extra matter, leaving o
metals in the sulfided state in the solids. During the decomp
tion of the TDM-derived pre-catalysts, two smooth endother
events were observed, one at about 533 K and another at 6
The Co-M specimen obtained from the monothiomolybdate
haved similar to the Co-D and Ni-D solids (Fig. 2d). Compared
with the decomposition of the parent MTM, which exhibits
sharp exothermic peak at 673 K[35], the decomposition of Co
M was smooth and shifted to lower temperatures by at l
100 K. The DTA curve in this case was more complex and
cluded several endothermic events.

Two important conclusions follow from the thermal ana
sis results that may provide insight into the relation betw
pre-catalyst composition and the high activity of the final c
alysts. First, the reductive transformation of the pre-catal
to molybdenum sulfide occurred at considerably lower te
perature than that of the parent thiomolybdate salts, whic
obviously favorable for obtaining dispersed sulfides. Seco
no exothermic events were observed during the decompos
of the pre-catalysts. In all likelihood, the large amount of org
ics that are eliminated with endothermic effects prevents r
crystallization of MoS2, thus preserving it in a highly disperse
state.

XRD showed that the pre-catalysts are amorphous, whe
further sulfidation yielded dispersed MoS2 (Fig. 3) with no
cobalt-containing crystalline phases. Rietveld refinement o
XRD patterns gave the degree of stacking for the (002) br
peak, in the same sequence as that of the specific surface
le
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Fig. 3. Powder X-ray diffraction patterns after sulfidation.

values. TEM of the sulfided catalysts showed the presenc
short MoS2 fringes as a unique feature (Fig. 4). An EDS study
revealed that the solids were highly homogeneous, with alm
the same Co/Mo atomic ratio (fluctuating between 0.45
0.6) within the limits of the EDS spot resolution, which in o
case was 15 nm. Moreover, the length of the slabs and
stacking (estimated as 3.3 nm and 3 slabs per crystallite
spectively) were much lower than those of the MoS2 material
issued from the TDM decomposition (11 nm and 7 slabs)
shown inFig. 4c.

Summarizing the foregoing results, we can state that a
ple room temperature synthesis has been developed that en
us to obtain pre-catalysts that can be transformed by fur
sulfidation to highly active HDS catalysts. The preparation
cludes reaction of TDM with cobalt nitrate in a mixed solve
in the presence of a nonionic surfactant. Although no syst
atic study was carried out for screening of different solve
omposi
(a) (b) (c)

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 TDM dection
observed at the magnification 400 000 (c).
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and textural promoters, similar reactions in formamide
dimethylformamide were studied previously (thiomolybda
are easily soluble in these highly polar solvents), but the
sulting catalysts had moderate surface areas and HDS ac
Tetraalkylammonium-based surfactants were also studied,
ilar to the systems described previously[22], but despite good
textural properties, their HDS activities were again low, pr
ably due to the poisonous nitrogen-containing residuals is
from the decomposition of alkylammonium moieties. In ad
tion, polyvinylpyrrolidone was tried as a textural promoter
similar conditions, but without success. Of course, this does
mean that the route described in this work provides the only
best solution to the problem.

3.2. Optimization of the textural and catalytic properties

After establishing the general approach to the synthes
Ni(Co)–Mo–S solids, we proceeded to a more detailed s
of various synthesis parameters to better understand and
mize this technique. The HDS of thiophene was chosen
screening reaction; the specific surface areas and/or nitr
adsorption–desorption loops of the solids were compare
multaneously. There often is close similarity in the behavio
cobalt and nickel in reactions with thiomolybdates, but th
also are strong differences, particularly in the catalytic pr
erties of the solids obtained. In what follows, sometimes o
cobalt is discussed, with the assumption that the same hold
nickel as well. In other instances, the differences between
two metals are emphasized.

3.2.1. Influence of the nature of the molybdenum source
The influence of the molybdenum source was quite strai

forward in terms of the composition of the precipitates. If
actions (1) and (2) occurred, then the amount of cobalt fi
in the precipitates should be strongly affected by the natur
the thioanion used. Indeed, chemical analysis confirmed
the amount of cobalt was approximately two times highe
the TMM-derived solids than in the TDM-derived solids (Ta-
ble 1). After sulfidation, the solids obtained from the TM
precursor always contained considerable amounts of cobal
fide, Co9S8. An excessive amount of cobalt led to segregatio
the bulk Co9S8 phase, whereas the surface areas and poro
of the TMM-derived solids prepared using Co and Ni nitra
were at least as good as those of the TDM counterparts.
specific surface areas were slightly lower, but pore sizes
volumes were considerably greater (Fig. 5), which is generally
considered an advantage for hydrotreating catalysts. In con
to TDM, the TMM-derived specimens had very large pore s
distributions, with mean pore sizes close to 10 nm. The p
ucts of the TMM reactions with Co and Ni acetylacetonates
very low surface areas (10–20 m2/g) and are not discussed
this paper.

Earlier, bisthiometalato complexes of the type [M′(MS4)2]n−
(n = 2 or 3, M′ = Co or Ni, and M= Mo or W) were used a
precursors for the preparation of hydrotreating catalysts,
the catalytic activities as well as specific surface areas w
moderate[38]. In contrast, decomposition of TDM reported
-
ty.
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Fig. 5. Nitrogen adsorption–desorption isotherms for the sulfided solids C
and Co-D (a) and the BJH pores distribution (b). The isotherm of CoM is sh
up by 50 scale units for better presentation.

yielded mesoporous solids with a somewhat higher surface
than that of the product of TMM decomposition under the sa
conditions (50 m2/g) [36]. We did not observe any advantage
the TDM over the TMM precursor in terms of textural prop
ties; however, because TDM systematically led to higher H
activity than TMM, our study was focused mostly on the TD
derived specimens.

We also studied the trimolybdate Mo3S13
2− ammonium

salt, but its poor solubility in water and alcohols prevented
from using it as a precursor. Thermal decomposition of
salt in the H2S/H2 mixture resulted in solids with surface a
eas of 1–5 m2/g. Earlier, the Mo3S12

2− anion in combina-
tion with nickel was applied to obtain highly active alumin
supported HDS catalysts using the impregnation technique
dimethylformamide solutions[39]. Among the great variety
of existing thiomolybdates, other anions, such as Mo2S9

2− or
Mo2S8

2−, might provide optimal stoichiometry of the preci
itates[40–42]. However, the existing preparation methods
these thioanions are far more complex than those for TM
and TDM.

3.2.2. Influence of the organic surfactant admixture
The variation in HDS activity as a function of the surfacta

molecule used was minor (Fig. 6). Similar chemical composi
tions and very similar morphologies of the pre-catalysts w
obtained using different grades of Tergitol, Imbentin, or Trit
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Fig. 6. Thiophene HDS rate constants measured at 573 K and surface ar
the pre-catalysts prepared using different surfactants grades.

Such a weak dependence indicates that no particular co
sition, but rather a wide variety of chemically similar surfa
tant molecules, is suitable for our preparations. More ge
ally, as follows from our previous results[21,22]and literature
data[43–45], numerous organic chemicals can be used to
prove the HDS activity of sulfides with relatively good resu
Indeed, various oxygenated compounds, including triethy
glycol, EG, and triethylene dimethyl glycol, can be applied
improve catalytic activity[44,45]. We suppose that carbon
ceous species formed through the decomposition of thes
ganic counterparts during the sulfiding treatment of the cata
precursors disperse well over the sulfide particles, preven
MoS2 slabs from sintering. The efficiency of such an appro
was illustrated earlier by the fact that pure MoS2 cannot be pre
pared with BET surface areas exceeding 50–60 m2/g, whereas
the materials containing some carbon exhibit stable surfac
eas attaining 300–400 m2/g and have considerably higher ca
alytic activity than pure MoS2 [21].

3.2.3. Influence of the nature of the Co and Ni precursors
Earlier, we observed that impregnation of dispersed un

ported MoS2 or of supported, pre-sulfided MoS2/Al2O3 cata-
lysts with aqueous Co(NO3)2 · 6H2O led to a poor promoting
effect [25,26]. The negative influence of cobalt nitrate was e
plained by the oxidative destruction of MoS2 by nitrate anions
an effect that was particularly pronounced in aqueous solu
In an attempt to avoid this phenomenon, we used cobalt ac
acetonate, Co(acac)2, as a promoter and obtained a much b
ter promotion effect[25]. It was therefore of interest to verif
for the preparations under study whether the use of acety
tonate has a beneficial effect on catalytic performance. T
we replaced cobalt or nickel nitrate by the equivalent amo
of the methanol solution of the corresponding acetylaceton
keeping all other catalyst treatment procedures the same
results of the HDS tests (Table 1) showed a slight advantag
for the acac-derived solids over their nitrate-derived coun
parts. The specific surface areas of the acac-derived solids
equal to those of their nitrate counterparts, whereas their po
ties were much better developed (Fig. 7). However, the differ-
ence between the nitrate and acac precursors was much
than that observed earlier[25]. This might be explained by th
differing mechanisms of catalyst genesis. In the previously
of
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Fig. 7. Pore size distribution in the catalysts sulfided at 673 K.

ported preparations, the nitrate solution was brought into d
contact with the MoS2 surface and was thus able to oxidi
it. In this work, the nitrate ion served merely as a char
compensating species in the Co precursor and was presen
in trace amounts in the pre-catalyst. Therefore, the differe
between nitrate and acetylacetonate probably exist only on
level of nucleation and growth kinetics during the precipitat
step. We suppose that other soluble salts of cobalt or nic
such as sulfate, chloride, or acetate, can be used for this ty
preparations with the same success.

The slightly acidic pH of the cobalt nitrate solution was s
pected to be the reason for the nonstoichiometry of the Co
precipitate (see below). To improve the reaction conditions
ensure strictly stoichiometric precipitation, we tried to carry
the precipitation under basic conditions, using soluble am
niac complexes, obtained by adding aqueous ammonia to
nitrate solution, up to pH 12. Although the ammoniac cob
complex reacts easily with TDM, the composition of the prec
itate (atomic ratio of Co/Mo= 1.2) was not what we expecte
The corresponding catalysts had a low activity and exhib
the presence of the Co9S8 phase after sulfidation. Apparentl
reactions other than(1) and (2)also may occur under basic co
ditions.

3.2.4. The influence of the Co/Mo atomic ratio in the reacti
mixtures

If the stoichiometric reactions(1) and (2)were the only
processes occurring in solution, then there should be no de
dence between the composition of the pre-catalyst compos
and that of the reaction mixtures. In practice, however, it is w
known that the composition of dispersed precipitates can
influenced by various phenomena, such as adsorption an
clusion. Furthermore, secondary reactions may be more or
important as functions of the reaction conditions. Therefore
catalysts were prepared in solution with varying (Ni)Co/Mo
tios. The chemical compositions of the precipitates as a func
of the (Ni)Co/Mo ratio in the solution are shown inFig. 8. The
amounts of nickel (cobalt) varied slightly, and were close
those expected from(1) and (2). This variation may be due t
the slightly acidic pH of the nitrates, which could provoke p
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Fig. 8. Values ofr = Co/(Co+ Mo) and Ni/(Ni + Mo) atomic ratios in the
solids as a function of the same parameter in the reaction mixture solution

Fig. 9. Specific surface area and thiophene HDS rate constant at 573 K for
solids as a function of the initial Ni/Mo ratio in the reaction mixture solution

tial precipitation of the amorphous binary sulfides MoS3 and
MoS5 [33]. In agreement with the hypothesis on stoichiom
ric reactions, the (Ni)Co/Mo atomic ratio in the precipita
changed weakly on varying the (Ni)Co/Mo ratio in the soluti
In contrast, the specific surface areas and HDS activities
significantly affected by the (Ni)Co/Mo ratio in the solutio
(Fig. 9). With high nickel or cobalt content, both the speci
surface areas of the sulfided solids and their HDS activities
creased, even if no bulk sulfides were observed in the sulfi
solids. Because the chemical and phase compositions of the
D

re

-
d

re-

catalysts were not strongly affected, the origin of this effec
likely related to the influence of the concentration of the m
species on the kinetics of nucleation and growth of precipi
particles. A detailed study of such kinetics is beyond the sc
of this work.

3.3. 4-6 DMDBT hydrodesulfurization activity

The ultimate goal is to synthesize catalysts for deep H
that can remove the most refractory sulfur-containing m
cules, such as alkyldibenzothiophenes, from the feeds. Acc
ing to the literature[46–48], the transformation of 4,6-DMDBT
occurs through two main parallel routes: the direct HDS p
way (DDS), which gives biphenyl (BP), and the hydroge
tion route (HYD), consisting of a preliminary hydrogenati
of one aromatic ring, yielding tetrahydro- and hexahyd
dibenzothiophene or analogues (HN). These intermediates
be further desulfurized to cyclohexylbenzene (CHB). Ot
mechanisms exist, including isomerization, demethylation,
C–C bond scission in the DMDBT molecule before the H
step. These mechanisms are less important for the conven
sulfide catalysts.

The results of catalytic tests given inTable 2show that our
catalysts had very high HDS activity, up to six times grea
than those of commercial NiMo and CoMo alumina-suppor
systems per gram of catalyst. Moreover, our best unsuppo
catalysts were more active than the commercial references
per molybdenum atom (53 and 40× 10−8 mol/(at s) at 573 K
for Co-D and CoMo/Al2O3, respectively).

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

The screening of HDS activity with the thiophene test p
vided only a qualitative estimate of the catalytic performa
in 4,6-DMDBT desulfurization. There was no direct corre
tion between thiophene and 4,6-DMDBT HDS (Fig. 10), be-
cause the catalytic transformations of 4,6-DMDBT are ob
ously more complex than those of thiophene. In terms of t
conversion, the same order of activity as in thiophene HDS
preserved, with nickel-containing systems slightly more ac
than their cobalt counterparts (Table 2). However, when cal

Table 2
4,6-DMDBT conversion rates of unsupported catalysts and commercial r
ences

Catalyst Total 4,6-DMDBT
conversion, 10−8 mol/(g s)

4,6-DMDBT HDS
products, 10−8 mol/(g s)

533–553–573 K 533–553–573 K

Co-D 4.8–10.5–23.4 3.9–9.6–22.1
CoA-D 3.7–7.1–15.5 3.2–5.5–13
Ni-D 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
Ni-M 2.5–4.5–7.1 1.6–2.7–4.3
Co-M 2.2–4.3–9.5 1.2–3.2–8.7
aCoMo/Al2O3 1.0–2.0–4.3 0.9–1.8–3.6
aNiMo/Al 2O3 1.8–3.2–5.1 1.3–2.5–4.9

a Commercial reference.
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Fig. 10. Thiophene HDS rate vs. 4,6-DMDBT HDS rate at 573 K for the c
lysts studied in this work.

(a)
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Fig. 11. DBT conversion selectivity for the Co-D (a) and Ni-D (b) catalysts
a function of the reaction temperature.

culated for HDS only, the cobalt and nickel-containing syste
were virtually equal. The selectivity at the same conversion
much more in favor of direct HDS for the Co–Mo–S system
whereas nickel-promoted catalysts were better in hydrog
tion (Fig. 11), in agreement with previous studies[49–51].

The activation energies for the Co–Mo–S solids measure
the range 533–573 K were similar to those of the Co–Mo
Al2O3 reference (Fig. 12). This suggests that the active ce
ters of the Co–Mo–S phase in the supported reference ca
and our unsupported sulfides are similar. However, the une
advantage of our systems over the reference catalyst in th
actions of thiophene (about two times) and 4,6-DMDBT (up
six times) remains unexplained. Differences in the acidity of
solids can be eliminated, because the selectivities of the
ported and unsupported systems of the same chemical n
were similar. Moreover, at the pressure and temperature
ditions of the 4,6-DMDBT HDS test, the solids were inact
s
s
,
a-

n
/

st
al
e-

p-
re

n-

Fig. 12. Arrhenius plots of the 4,6-DMDBT HDS reaction rate for the uns
ported catalysts and alumina-supported reference.

in the isomerization ofo-xylene. Therefore, the methyl grou
migration pathway should be of minor importance.

A possible explanation for the unequal thiophene and
DMDBT activity sequences might be the unequal distribut
of CoMoS (I) and CoMoS (II) phases in the supported a
unsupported catalysts[52,53]. Obviously, the unsupported ca
alysts contain more of the CoMoS (II) phase. A more hig
stacked CoMoS (II) phase should be advantageous for th
action of the large 4,6-DMDBT molecule, whereas the sm
thiophene molecule can easily be transformed on both ty
and type II CoMoS phases[54]. Further elucidation of this
question is needed, however.

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

Reactions(1) and (2)of pre-catalyst precipitation would re
main hypothetic and the foregoing discussion purely spec
tive without a proper structural study of the pre-catalysts
sulfided solids. While the sulfided solids contained a dispe
MoS2 phase, the pre-catalysts were very ill-defined and diffi
to characterize. Indeed, all of the pre-catalysts were comple
XRD amorphous and exhibited continuous total absorption
UV–vis diffuse reflection spectra. The broad XRD maxim
were treated using the RAD program of Petkov to extract
radial distribution function (RDF)[55]. However, the result
ing RDF (not shown) was almost featureless and dominate
a broad peak at ca. 2.4 Å, suggesting the presence of M
bonds, a conclusion that contributes little to a better underst
ing of these systems. Raman spectra of the pre-catalysts
of poor quality as well. Broad peaks were observed at 320,
and 525 cm−1, characteristic of the Mo–S and S–S bonds
the amorphous sulfides[56]. Again, this result was expecte
and adds nothing to our knowledge of these solids. Moreov
strong overlap in the vibration frequencies of Co9S8 and MoS2
sulfides prevented us from distinguishing the lines of the co
sponding species.

EXAFS is the most appropriate technique for elucidat
the structure of amorphous or poorly crystalline solids. Sev
solids were studied by EXAFS before and after ex situ sulfi
tion to clarify the chemical identity of the pre-catalysts and
catalysts. For this study, accurate determination of the coord
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Fig. 13. Decorrelation of the Debye–Waller factor and CN parameters fo
K-edge sulfur shell in the CoD pre-catalyst. Curves correspond to the CN
ues obtained in the fit for different values ofk weighting (KW).

tion numbers was particularly important, because the natu
the molybdenum neighbors (sulfur) obviously does not cha
from the thiomolybdate precursor to the pre-catalyst and
ther to the sulfided solid. Therefore, structural changes ma
observed only on the level of the number of coordinating
fur atoms and modifications of the distances. Extraction of
background is important to finding the true values, because
fluences the intensity ofχ(k) and then that of the FT modulu
Because there is no physically rigorous automatic algori
of background extraction, we varied the regularizerα and the
number of knots (KN) in the Bayesian smoothing algorithm
the Viper software to find a plateau stability zone in the sp
(KN–α). Within the series of similar specimens, the values
(KN–α) optimized for one spectrum were usually suitable
the other spectra as well.

To obtain the true values of the strongly correlated Deb
Waller (σ 2) and coordination number (CN) parameters, dec
relation was carried out using multiple fits at differentk-
weightings. The series of fits atk-weightings from 1 to 3 were
performed independently. Each time theσ 2 parameters for both
sulfur and metallic second neighbor were fixed at some ph
cally realistic values (in the range 0.002–0.015 Å2). Then a fit
was run, and the CNs were determined. The resulting curv
the CN–σ 2 correlation obtained at different integerk-weighting
values had an intersection point corresponding to the dec
lated value, as shown inFig. 13for the Co K edge of the Co-D
specimen. At the intersection point, the quality of the fit pas
through a maximum and became virtually equal for the dif
ent k-weighting values. Of course, even after this proced
some systematic errors in the CN determination are still p
sible, from other known and unknown sources, but compar
of the results within the same series of measurements bec
more reliable.

3.4.1. Cobalt K edge
Cobalt (nickel)K-edge spectra were measured for sev

reference compounds, including the precursors, the dried
catalysts, and the sulfided solids obtained from the TDM
cursor. Because the TMM-derived solids contain large amo
o
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Fig. 14. Pre-edge and near CoK-edge regions for the spectra of the Co(NO3)2·
6H2O (a), Co(acac)2 (b), and Co9S8 (c).

Fig. 15. Pre-edge and near CoK-edge regions for the spectra of several p
catalysts and Co-D solid after sulfidation.

of XRD detectable Co9S8 after sulfidation, their EXAFS spec
tra were not measured. The pre-edge regions of the X-ray
sorption spectra of Co nitrate, acetylacetonate, the Co9S8 ref-
erence, and our catalysts were analyzed using normalizati
the edge jump, followed by subtraction of the background.
features at the pre-edge region can be related to the symm
of the Co atoms, because the intensity of the pre-edge fe
is greater for tetrahedral or distorted octahedral symmetry
for octahedral symmetry due to greaterp–d mixing in the first
case[57–59].

The CoK edges in the X-ray adsorption near-edge str
tures (XANES) region of the precursors, dry pre-catalyst,
sulfided solids are shown inFigs. 14 and 15. For all catalysts
the edge shape was changed from the precursor to the dry
cipitate and then again on sulfidation. Analysis of the XAN
of the precursor cobalt salts and the dried precipitates sho
that the characteristic white line attributed to Co and Ni in
oxygen environment was absent in the pre-catalysts. A low
tensity of the CoK-edge white line in the CoMoS pre-catalys
indicated an increased electron population in the cobalt (nic
third level. At the same time, the energy position of the ads
tion edges in the pre-catalysts shifted toward lower energ
in agreement with the sulfided state of the Co species[59–
61]. A small but reliably determined pre-edge shoulder ab
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Fig. 16. Two-shell fit of the CoK-edge for the dried pre-catalyst Co-D in th
k-space (a) andR space (b). Im—imaginary part.

7710 eV was observed in the spectra of the pre-catalysts, d
quadrupole and vibronically allowed 1s–3d transition (Fig. 15).
Because a pre-edge peak is not expected for an octahedral
dination, this could be due to a tetrahedral or square-pyram
environment of cobalt. This feature was absent in the coba
trate and acetylacetonate precursors (Fig. 14). Thus we infer
that the cobalt coordination changed from the oxygen oct
dra in the precursors to the sulfur tetrahedra in the pre-catal
This conclusion was confirmed by the results of fitting
EXAFS spectra (Fig. 16). The quantitative analysis of the spe
tra (Table 3) showed that in the pre-catalysts, cobalt has ab
four sulfur neighbors and its coordination is tetrahedral ra
than distorted octahedral. The fitting suggested the presen
molybdenum neighbors in the pre-catalysts. Treatment of
spectra using the difference file technique also confirmed
presence of this shell (Fig. 17a). Theσ 2 parameter of closely
bound sulfur was lower than that of the farther away molyb
num, presumably due to the high degree of static disorde
these solids.

After decomposition at 673 K, the local Co environme
clearly changed. Thek3-weighted phase-corrected spec
showed the presence of a well-resolved feature at a dist
of about 2.81 Å, probably corresponding to the Co–Mo con
bution, similar to that of the “CoMoS phase” observed ear
[62,63]. Analysis of the phase-corrected spectra of the dif
to
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-
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Table 3
Parameters resulting from the fit of Co(Ni)K-edgek2-weighted EXAFS spec
tra for the unsupported catalysts and commercial references (�k = 3–12 Å−1,
�R = 0.5–4 Å)

Sample Atom R

(Å)
δR N δN σ2

(Å2)
�E

(eV)
R

(%)

Co-D–NH3 S 2.21 0.0015 3.2 0.07 0.0093 2.2 4
Co 3.14 0.004 1.1 0.1 0.0075 10.1

Co-D S 2.19 0.006 3.7 0.4 0.007 −1.6 12
Mo 3.26 0.003 0.8 0.4 0.009 −5.0

Ni-D S 2.21 0.008 3.7 0.3 0.008 −1.4 16
Mo 3.24 0.03 0.7 0.4 0.011 −5.2

Ni-D S 2.20 0.006 3.2 0.2 0.006 −2.1 11
sulfided ex situ Mo 2.81 0.003 1.1 0.4 0.007 −4.3

Ni-D S 2.19 0.007 3.6 0.5 0.009 −1.8 19
Imbentin Mo 3.25 0.03 0.8 0.4 0.013 −3.8

Ni-D S 2.19 0.007 3.1 0.3 0.006 −2.4 14
Imbentin Mo 2.82 0.03 1.5 0.3 0.0065 −4.5
sulfided ex situ

NiA-D S 2.20 0.008 3.4 0.4 0.009 −1.3 16
Mo 3.27 0.03 0.6 0.4 0.012 −4.4

CoA-D S 2.19 0.008 3.5 0.4 0.009 −1.2 14
Mo 3.24 0.04 0.7 0.4 0.012 −3.8

CoA-D S 2.21 0.007 3.3 0.5 0.006 −2.0 15
sulfided in situ Mo 2.81 0.03 1.2 0.4 0.008 −4.5

CoA-D S 2.20 0.008 3.5 0.5 0.007 −1.5 14
sulfided ex situ Mo 2.82 0.02 1.0 0.5 0.01 −5.0

Co-D S 2.21 0.007 3.7 0.4 0.009 −2.0 18
Triton X100 Mo 3.15 0.03 0.7 0.3 0.014 −6.1

CoA-D S 2.21 0.008 3.8 0.3 0.0071 −1.2 11
Triton X114 Mo 3.12 0.07 2.3 0.9 0.015 −4.6

CoMo/Al2O3
a S 2.22 0.007 3.7 0.4 0.007 −0.5 14

Mo 2.81 0.05 0.9 0.2 0.01 −3.2

a Commercial reference.

ence files confirmed this Co–Mo contribution (Fig. 17b). At the
same time, theσ 2 parameter for the Co–S shell in the cataly
was systematically lower than that in the pre-catalysts, sugg
ing that some ordering occurred during the thermal activat
Formation of Co9S8 can be ruled out because in this cas
strong Co–Co contribution should be seen at 2.50 Å due to
presence of most cobalt atoms in this structure within the8
cubes[64]. Therefore, for all of the catalysts, the EXAFS spe
tra analysis, supported by the TEM results, suggests that th
atoms were included mostly in the “Co–Mo–S” state (Table 3).
The Co atoms in this state have a distorted five-fold sulfur
ordination, and every Co atom is in contact with Mo atoms
distance of 2.80–2.83 Å. As suggested in previous studies[62,
63], Co atoms are located in front of the square sulfur face
the MoS6 trigonal prisms along the edges of the MoS2 crys-
tallites. Note, however, that although the interatomic distan
obtained in the fits correspond fairly well to previously repor
data on the CoMoS phase, the coordination numbers obta
in this work were, for some unexplained reason, systematic
lower than the values expected from the CoMoS phase mo
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Fig. 17. CoK k2-weighted EXAFS Fourier transforms of the differenceχ(k)

files (raw EXAFS minus Co–S contribution) for the second neighbours co
butions: Co–Mo in the Co-D pre-catalyst (a), Co–Mo in the sulfided Co-D
and Co–Co in the Co-D-NH3 (c). Solid curves correspond to the differen
files; dashed curves represent the best fit model.

Further elucidation of the Co–Mo–S phase structure is bey
the scope of this work.

Considerable differences were also noted between
catalysts that provide highly active catalysts and those tha
not. In the latter case, considerable Co–Co bonding was cle
observed both in the shape of the FT curves and in the
ference files (Fig. 17c). Thus, for the amorphous Co-D–NH3
pre-catalyst, a high-fidelity fit with decorrelation of CN andσ 2

provides evidence of the presence of a Co neighbor, sug
ing the formation of the amorphous CoS compound. Repla
cobalt with molybdenum as a second neighbor significantly
creased the quality of the fit in the model, which no lon
-

d

-
o
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Fig. 18. FT module of MoK EXAFS spectra of the ATDM precursor and se
eral Co and Ni derived pre-catalysts.

converged ink andR spaces. This excludes the formation
amorphous cobalt thiomolybdate for the Co-D–NH3 solid. Ap-
parently, at basic pH, reactions other than(1) and (2)occurred
that included abstraction of sulfide ion from the TDM spec
and precipitation of cobalt sulfide, leading to a poor catal
performance of this solid.

3.4.2. Molybdenum K edge
Comparison of the absolute FT parts andk-weightedχ os-

cillations of the MoK spectra revealed a remarkable simil
ity between the spectra of the TDM precursor and of sev
TDM-derived pre-catalysts (Fig. 18). Judging from the differ-
ent backscattering amplitudes of the S and Mo atoms, theχ(k)

oscillations corresponded mostly to the S shell. The sec
neighbor was not seen as a distinct peak or shoulder in th
curves of the pre-catalysts and the imaginary part of the
curves. However, analysis of the difference files and statis
analysis using theF test demanded introduction of the moly
denum shell.

The XANES of the TDM and pre-catalysts were nearly
distinguishable, indicating that the Mo2S12 entities were pre
served in the pre-catalysts. The TDM precursor has a c
plex structure in which the molybdenum atom has eight su
neighbors at distances ranging from 2.383 to 2.477 Å[65].
One molybdenum neighbor is present at 2.823 Å. Using
EXAFS spectrum of the TDM, we performed a fit with ni
shells in which all distances and CN values were fixed andσ 2

and�E were varied but constrained to be equal for the sa
type of bonds (and thus this model has only four fitting para
ters). Then the results forσ 2 and�E obtained for the TDM
were taken as a departure point for a two-shell fit in wh
the distances and CNs were allowed to vary as free param
(Fig. 19; Table 4). This simplification was necessary becaus
is impossible to obtain a reasonably converging fit using n
shells of the TDM structure. Apart from software performan
limitations, the number of independent points in a typical m
surement,Nind = 2�k�R/π , is only about 25–30; however, t
get an acceptable variance, the number of fit parameters s
be considerably lower. But the CN values obtained for the
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Fig. 19. Two-shell fit of MoK edge in the Co-D dried pre-catalyst in th
k-space (a) andR space (b).

erence TDM specimen in the two-shell model fit were sign
cantly lower than the real values. The reason for this appa
CN decrease was the spectral nonadditivity due to the p
differences between several scatterers having close but un
distances. Indeed, a significant negative interference exist
tween sulfur scatterers in TDM positioned at 2.38 and 2.47
as verified by direct comparison of the model spectra. Tak
into account these limitations, the physical meaning of the
parameters in this case should be considered a fingerprint o
averaged multiple Mo–S bonds. Analysis ofTable 4shows no
important changes in the CNs and average distances of the
cipitates compared with TDM. We found a slight increase
the average bond distance in the precipitates compared wit
parent TDM and, as expected, higherσ 2 values for the Mo–S
bonds in the disordered precipitates.

Earlier, Hibble and Feaviour applied a two-shell mode
their study of the thermal decomposition of TDM[37]. The re-
sulting molybdenum CN was significantly lower than it sho
be in the starting TDM material. To deal with this discrepan
the authors had to introduce unrealistically highσ 2 factors
(0.012 Å2 in the crystalline TDM at room temperature). Usi
model clusters, Clausen et al.[66], Shido and Prins[67], and
Calais et al.[68] demonstrated that CN is sensitive to the rad
distribution of the bonds and is lower than its actual value w
an asymmetric distribution is present and a normal data an
sis is performed. Note that the asymmetric distribution of bo
nt
se
ual
e-
,
g
t
he

re-
f
he

,

l
n
y-
s

Table 4
Parameters resulting from the fit of MoK-edgek2-weighted EXAFS spec
tra for the unsupported catalysts and commercial references (two shell m
(�k = 2.5–14 Å−1, �R = 0.5-4 Å))

Sample Atom R

(Å)
δR N δN �σ

(Å2)
�E

(eV)
R

(%)

TDM S 2.440 0.005 5.8 0.2 0.0045 2.5 13
Precursor Mo 2.823 0.01 1.0 0.15 0.0041 9.1

Co-D–NH3 S 2.450 0.009 5.8 0.5 0.0050 3.0 17
Mo 2.815 0.02 1.2 0.8 0.0060 10

Co-D S 2.453 0.005 5.5 0.3 0.0063 3.4 9
Mo 2.819 0.03 1.2 0.3 0.0061 8.75

Co-D S 2.40 0.007 4.6 0.5 0.0029 3.2 21
sulfided Mo 3.17 0.02 3.0 0.8 0.0045 9.2

Co-M S 2.38 0.009 3.5 0.6 0.0080 2.3 19
Mo 2.97 0.03 1.3 0.4 0.0110 9.0

Ni-D S 2.45 0.006 6.1 0.5 0.0055 1.7 9
Mo 2.82 0.015 0.8 0.3 0.0050 7.8

Ni-D S 2.41 0.007 4.1 0.4 0.0029 1.6 20
sulfided Mo 3.146 0.013 2.6 0.7 0.0042 8.0

CoA-D S 2.448 0.007 5.7 0.4 0.0047 2.11 10
Triton X114 Mo 2.834 0.028 1.0 0.2 0.0066 8.58

Co-D Triton S 2.451 0.007 6.1 0.4 0.0051 2.7 9
Mo 2.818 0.02 0.9 0.15 0.0053 8.3

Co-D Triton S 2.408 0.007 4.7 0.5 0.0035 1.96 17
sulfided Mo 3.168 0.015 2.9 0.9 0.0054 8.1

CoA-D S 2.44 0.008 5.8 0.5 0.0056 2.5 14
Triton X114 Mo 2.83 0.02 0.8 0.7 0.0065 9.0

is not equivalent to the effective increase in the staticσ 2 para-
meter, because the spectrum damping at highk values is not the
same in both cases. Obviously, stating a rigorous approa
the fitting problem is not possible at present.

Whatever the model applied to fit the spectra, it follo
from our results that the Mo2S12 moieties were preserved
the pre-catalysts. At the same time, the coordination sphe
cobalt was changed drastically. Therefore, we assume tha
dithiomolybdate moieties were attached to cobalt with op
ing of the disulfide S–S bonds and formation of covalent C
bonds. The tentative structural sketch of the pre-catalyst is
picted inFig. 20. In agreement with reaction(2), the chemical
environment of molybdenum in the precipitates depended
neither the nature of the VIII group metal precursor nor

Fig. 20. Tentative model of the Co-D pre-catalyst structure. Light grey circle
S atoms; grey circles—Mo atoms; black circles—Co atoms. For better pre
tation not all the S atoms from the S–S groups are connected to the Mo a
even if they belong to the first coordination sphere.
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nature of this last metal. Indeed, nearly perfect coincide
of the FT transforms was observed for the initial TDM a
pre-catalysts obtained from the nitrate or acetylacetonate
cursors. The same was true for the comparison of the nic
and cobalt-containing pre-catalysts.

For the less important TMM-derived solids, we studied o
one Co-M specimen at the MoK edge. Obviously, the TMM
and TDM-derived solids exhibited large differences in the co
dination shell parameters. A low coordination number sugg
the presence of MoS4 entities within the structure of the drie
Co-M precipitate. Comparison of the spectra of Co-M and
D prepared under the same conditions showed conside
higherσ 2 values for the TMM-derived solid. A highly diso
dered amorphous CoMoS4 compound can be envisaged as
adequate model to explain our observations.

Sulfidation led to the decrease in the sulfur CN and to the
ordination shell ordering, related to a significantly decreaseσ 2

parameter. In agreement with the formation of dispersed M2,
the molybdenum neighbors became more distant and incre
in number. As is often observed in the EXAFS of disper
MoS2 catalysts, the coordination numbers obtained for b
Mo and S were lower than the theoretical values. The pres
of the cobalt neighbor could not be inferred from the MoK-
edge spectra of the Co–Mo–S systems, because the heav
abundant molybdenum neighbor prevented the observation
relatively small amount of cobalt.

Overall, the Co and MoK-edge EXAFS of the pre-catalys
show that the thioanions preserved their chemical identity
the molybdenum coordination remained essentially the s
as in the parent TDM. In contrast, cobalt changed its coo
nation from full oxygen coordination in the precursors to f
sulfur coordination in the pre-catalysts, in agreement with re
tions(1) and (2). A tetrahedral or a less common square-pla
coordination of cobalt is compatible with our EXAFS data. T
pre-catalysts was highly disordered, and the second me
neighbor was difficult to see. After sulfidation, the solids w
transformed to the dispersed CoMoS phase. Organics pr
in the solids did not noticeably influence the EXAFS spec
and probably remained outside the chemical environment o
transition metals.

4. Conclusions

The study of unsupported or highly loaded supported
fides is a promising research route for developing better
drotreating catalysts. Solution preparations of macropo
and mesoporous transition-metal sulfides are particularly
teresting, because they provide a possibility for tailor-m
preparations. By controlling precursors, solvents, and r
tion conditions, Ni(Co)–Mo–S catalytic materials can be p
pared by structural and morphological tuning over microsco
and mesoscopic-length scales. The preparations used in
work include room temperature surfactant-aided precipitat
in mixed solvents. The reactions of the MoS4

2− and Mo2S12
2−

cores with nickel or cobalt salts in mixed solutions produ
amorphous solids (pre-catalysts) with a Ni(Co)/Mo ratio
pending on the conditions and particularly on the nature of
e
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thiomolybdate anion applied. Residual carbon in these so
played an important role in stabilizing their morphology a
catalytic activity. Optimization of the promoted unsuppor
NiMo and CoMo systems allows us to obtain catalysts with v
high activity in the HDS of thiophene and 4,6-DMDBT. Th
EXAFS study at the Co, Ni, and Mo edges clarified the co
dination of the transition metals in the amorphous pre-cata
and Ni(Co)MoS sulfided phases.

Many future improvements in these systems can be en
aged. Although their specific activity is very high, their intri
sic performance is still lower than that of supported cataly
because many Mo atoms remain inaccessible for catalyti
actions. Thus, further improvement of the molybdenum dis
sion remains possible. Thiomolybdates and ammonium su
are not really basic chemicals; furthermore, the amount
organic compounds in the solutions are relatively high, m
ing large-scale preparations potentially expensive. There
the solution reaction should be simplified to obtain mixed s
fides in one step. The next challenge will be to prepare the
aqueous solution using simple precursors, such as ammo
molybdate or molybdic acid, commercially available cob
salts, and cheap and nontoxic sulfur sources, the best on
ing elemental sulfur.
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