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Unsupported iron, molybdenum and iron-molybdenum sulfides were prepared by the Homoge-
neous Sulfide Precipitation (HSP) method. They were investigated by surface area, XRD, MAS
(M3ssbauer Absorption Spectroscopy), electrophoretic migration, and XPS measurements; various
temperature-programmed methods have also been used. Catalytic activity in the simultaneous
hydrodesulfurisation of thiophene and hydrogenation of cyclohexene at 3 MPa and 573 K has been
measured. It has been verified that the HSP method gives samples containing a high proportion of
the Fe species giving the signal attributed to the so called ‘“FeMoS”’ species, together with a
noncrystalline phase possibly corresponding to FeS, (pyrite) and some pyrrhotite (Fe,_,S). When
the final reduction-sulfidation (15% H,S in H,) temperature of the HSP precipitate is increased
(from 673 to 1073 K), FeS, and the iron of FeMoS transform to troilite (FeS). Samples sulfided
above 873 K no longer contain FeMoS. The FeMoS ‘‘phase’’ decomposes extensively during the
catalytic reaction. Catalytic activity does not correlate with the quantity of FeMoS present in the
samples, but seems to vary in parallel with the amount of FeS, remaining in the working catalyst.
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INTRODUCTION

Transition metal sulfide catalysts are
widely used in the oil-processing industry
for the removal of environmentally harmful
hetero-atoms, like sulfur (hydrodesulfurisa-
tion, HDS) and nitrogen, from crude oil frac-
tions or coal-derived liquids. Catalysts con-
sisting of molybdenum sulfide promoted by
cobalt or nickel sulfide supported on porous
alumina are most commonly applied. But
iron sulfides (pyrite, pyrrhotite, etc.) also
play some role. Alone, they can accelerate
coal hydroconversion (I, 2). Investigations
concerning various possible processes for
coal liquefaction and refining of coal-
derived products have laid emphasis on cat-
alysts containing iron sulfide (3-5). Iron sul-
fide might also replace cobalt or nickel sul-
fide as a low cost promoter of molybdenum
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in more conventional hydrotreating pro-
cesses.

In the last 10 years, attempts have been
made to elucidate the promoter effect of Fe
on the HDS activity of MoS,, but the results
do not offer a clear picture of the role of Fe.
Thakur et al. (6) compared the activity in the
HDS of thiophene and the hydrogenation
(HYD) of cyclohexene, of MoS, and WS,
promoted by Co, Ni, or Fe. They found the
promoter action of Ni and Co to be much
more pronounced than that of Fe for both
reactions. Other workers (7-10) also re-
ported that the HDS activity of MoS, is only
weakly promoted by iron. In the work of
Ramselaar et al. (11, 12), it was found that
the HDS activity of MoS, supported on car-
bon was increased by a factor of 1.2 when
iron was added to the formulation. Vaish-
nava et al. (4) studied a series of alumina-
supported FeMo catalysts with different
Fe/Mo ratios. They found that the addition
of a small amount of iron to Mo/Al,O, cata-
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UNSUPPORTED FeMoS CATALYSTS

TABLE 1

Reported Mossbauer Absorption Spectroscopy
Parameters of the ‘‘FeMoS Species”

Sulfide Qs 1S References
(mm/s) (mm/s)
FeMo/C 1.04 0.63 1, 12)
FeMo/Al,O4 0.84 0.30 (14, 16)
FeMo/AlO4 0.78 0.35 7
FeMo 0.99-1.22 0.30-0.35 (8, 19)

lysts considerably lowered activity, while at
higher Fe contents, the activity was approx-
imately equal to the sum of those of the
individual components. These studies did
not permit identification of the nature of the
active phase or phases operating in the
FeMo catalysts. A special MES signal
(Mossbauer Emission Spectroscopy) is de-
tected in the similar CoMo catalysts, sup-
ported or unsupported, when fresh (13, 14).
This special signal has been attributed to
an amorphous ‘‘CoMoS phase,”” which was
considered to be the phase possessing the
highest HDS activity (15). A similar signal,
believed to come from a similar ‘‘FeMoS
phase’’ has been found in Mdssbauer Ab-
sorption Spectroscopy (MAS) in both sup-
ported (11, 12, 14-17) or unsupported (13,
18, 19) FeMo catalysts. The ‘‘FeMoS
phase’” MAS signal was characterised by
the values of the electrical quadrupole split-
ting (QS) and isomer shift (IS) reported in
Table 1. According to Topsge et al. (14), the
HDS activity of the iron-promoted FeMo/
Al O, catalysts is lower than that of those
containing only MoS,, in spite of the pres-
ence of the ‘‘FeMoS phase.”” In opposition
with this Qi et al. (17) and Ramselaar (/2)
found that the HDS activity of FeMo sup-
ported on alumina or carbon correlates with
the amount of ‘‘FeMoS phase’’ in the fresh
catalyst. Some studies (¢4, 8, /10, 20) reported
that pure iron sulfide, i.e., iron sulfide not
associated in any mixed phase with Mo,
could slightly promote HDS activity.
Several hypotheses concerning the role of
separate iron sulfide have been proposed:
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(i) pure iron sulfide activates the Mo sites
thanks to the action of a mobile species,
namely, hydrogen spill-over, that it pro-
duces (20); or (ii) the fact that iron sulfide
slightly alters the electronic configuration of
MoS, (6, 8, 10); or (iii) the possibility that
pure iron sulfide, namely, FeS, or FeS
alone, would be able to catalyse the hydro-
genolysis and hydrogenation reactions (/2,
21).

The aim of the present work is to contrib-
ute to evaluating the validity of these respec-
tive views.

The HDS activity of the ‘‘FeMoS’’ phase
was mostly studied under atmospheric pres-
sure and this phase was reported to be stable
(12). Generally, however, the metal (Me)
in the ‘‘decoration’ positions on the MoS,
edges in the ““MeMoS structure’ seems to
have a low stability and it tends to segregate
into pure Me sulfide (22, 23). The extent of
segregation is more pronounced when the
‘“MeMoS phase’’ is tested under high H,
pressure (24, 25). Correlations between ac-
tivity and structure should thus be sought
using catalysts subjected to the conditions
generally used in HDS and HYD. Used cata-
lysts protected from any contact with reac-
tive molecules should possess a structure
closely related (or identical) to that of the
working catalyst. They should be used pref-
erentially if measurements during the cata-
lytic reaction are too difficult. This is what
we did.

In the reports mentioned in the literature,
the Fe content has been varied quite often
in order to find if some correlation existed
between the activity and the structural prop-
erties of the active phase. The sulfiding tem-
perature is also an important factor which
can influence the textural and structural
properties of the active phase in the cata-
lysts. For the present work, we prepared
unsupported FeMo catalysts, containing 30
and 15% Fe atoms (in principle, these con-
tents allow the greater part or, possibly, all
the iron to be included in the ““FeMoS
phase’’). Sulfidation temperatures ranging
from 673 to 1073 K were used.
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The so-called ‘‘FeMoS phase’’ (as well as
““CoMoS’’ and ‘*“NiMoS’’), in reality, is not
well defined. Ledoux et al. suggested from
NMR measurements that the distorted tetra-
hedral Co atoms upon adsorption of the sul-
fided molecule lead to octahedral ‘‘rapid”’
configuration, this stabilization being possi-
ble either in the CoMo phase or in small
pores of the carbon support (26-28). The
standard way in which the CoMoS and
FeMoS associations are defined is actually
indirect, i.e., by virtue of the special Moss-
bauer signal they give (the situation is still
more complicated in the case of NiMoS).
For these reasons, many investigations have
been conducted to find other characteristics
distinguishing FeMoS (or CoMoS or
NiMoS) from the corresponding pure
phases (MoS,, Co,S;, NiS,, FeS, etc.) and
their mixtures.

For the present work, much care has been
taken to ensure that the *‘FeMoS’’ prepared
should exhibit all the characteristics attrib-
uted to the ‘‘FeMoS phase’’ in the literature
(14, 17-19, 29-32). To this end, the catalysts
were characterized by DTA, microelectro-
phoresis, XRD, TPR, and MAS (Mossbauer
Absorption Spectroscopy). The proportion
of the ‘‘FeMoS phase’’ present in the cata-
lysts was estimated from the intensity of
the special MAS signal. XPS analysis of the
catalysts was used to identify the iron sur-
face species. The texture and structure of
the fresh sulfides were studied by XRD,
XPS, TPR, and MAS. In addition, XRD and
MAS were used to analyse the tested (used)
catalysts in order to detect the structural
modifications which could occur during re-
action. The hydrodesulfurisation (HDS) of
thiophene and hydrogenation (HYD) of
cyclohexene were used as model reactions.
They were performed at 573 K and under a
pressure of 3 MPa.

EXPERIMENTAL
Catalysts Preparation

Precursors. The precursors (precipitated
oxysulfides) of pure MoS, and those of the
““FeMoS’’ mixed sulfides (atomic ratios r =
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Fe:(Fe + Mo) = 0.15 and 0.30; notation:
FeMoS — 0.15 and FeMoS — 0.30) were
prepared according to the so-called homoge-
neous sulfide precipitation method (HSP)
(29, 30). The procedure of preparation of the
precursor of MoS, is described in Ref. (24).
The precursor of ‘‘FeMoS’’ was prepared
in the same way as those of ““CoMoS’’ (24),
using Fe(NO,); - 9H,0 as starting material.
In addition, the pH of the solution con-
taining Fe and Mo was kept equal to 1.5, by
addition of the nitric acid. This is necessary
in order to prevent the formation of a yeliow
precipitate before mixing with ammonium
sulfide. The various stages (precipitation,
evaporation and drying) were carried out
under an Ar atmosphere. Pure iron sulfate
(FeSOQ, - 7H,0) was used as the precursor of
iron sulfide (hexagonal pyrrhotite Fe,_,S).

Particles of sizes comprised between 200
and 400 um were obtained by sieving, under
air.

Sulfides. The unsupported MoS,, Fe,_,S,
FeMoS — 0.15, and FeMoS — 0.30 sulfides
were obtained by heating 4 g of their precur-
sors in argon (100 ml min~!) at 373 K for
1 h, then switching to an H,S/H, (15% vol-
ume H,S) mixture (100 ml min~') and in-
creasing the temperature at a rate of 3.3 K
min~! up to 673 K. The temperature was
then maintained at this level for 4 h. In addi-
tion, FeMoS-0.30 samples were also sul-
fided by the same H,S/H, mixture at 773,
873, and 1073 K, all other experimental pa-
rameters being kept constant. The samples
will be indicated as FeMoS-r-T, where r is
the atomic ratio and T indicates the activa-
tion temperature in K (i.e., FeM0S-0.30-773
refers to FeMoS of composition r = 0.30
sulfided at 500°C).

Physico-chemical Characterization

The specific surface areas were measured
using the BET method. The XRD spectra
were obtained with a Kristalloflex 805 dif-
fractometer (Siemens) with a highly sensi-
tive detector (Siemens D-500), using Cu Ka
radiation. For the XRD measurements, the
catalysts were stored in n-pentane in order
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to protect them from oxidation. Precursors,
sulfides, and solids resulting from tempera-
ture-programmed reaction (TPS and TPO)
were studied. The thickness of the MoS,
crystallites in the direction corresponding to
the c-axis (002) of the FeMo0S-0.30-T sul-
fides, was calculated using the formula (33)

D =0.94A/Bcos 8,

where D is the lattice dimension (A) along
the c-axis, A the wavelength (1.5418 A) and
B the corrected line-width in radians (8 = g8’
catalyst (measured) — B" reference (mea-
sured)). Well-crystallized MoS, (Merck)
was used as a reference. Mossbauer spectra
(MAS) were recorded at 298 K, using a con-
stant acceleration spectrometer equipped
with a 12-mCi source of *’Co in rhodium.
Isomer shift (IS) was evaluated taking as a
reference pure alpha-iron. The spectra were
fitted by a sum of Lorentzian lines using an
iterative nonlinear least-squares program.
The relative amounts (%I) of compounds
were computed from the peak areas, assum-
ing that all species have similar Lamb-
Mossbauer factors. The possible error on
the relative amounts of the species, due to
this assumption, is estimated to be less than
+5%. The estimated errors on the quadru-
pole splitting (QS), isomer shift (IS), and
internal magnetic field (H;) are, respec-
tively, 0.05 mm/s, 0.05 mm/s, and 4 kOe.
For electrophoretic migration measure-
ments, the sulfides were first ground and
sieved under air in order to obtain particles
of 25 um and then subsequently resulfided.
Their isoelectric points (IEP), as defined by
Parks (34), were obtained by measuring the
electrophoretic migration velocity in a
Lazer-Zee Meter model 500 (Pen-Kem-In).
Temperature-programmed reactions of
the precursors of the MoS,, Fe,_,S, and
FeMo0S-0.30-673 sulfides were carried out in
a home-made, all glass, atmospheric pres-
sure DTA apparatus, adapted to use with
sulfur-containing substances. The heating
rate and gas flow were equal to 10 K min~!
and 60 ml min !, respectively. The standard
deviation of the reported temperatures is
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+3 K. Three experimental procedures were
followed. In the first one, the thermal de-
composition of the precursor was conducted
under Ar. When the maximum temperature
(823 K) was reached, the samples were
cooled to 673 K and maintained at this tem-
perature for 2 h. Then they were cooled
to room temperature and the temperature-
programmed oxidation (TPO) of the re-
sulting solid was performed using air as the
reacting atmosphere. The second experi-
mental procedure consisted of a tempera-
ture-programmed sulfidation-reduction
(TPS) of the precursor (reaction atmo-
sphere: H,/H,S, 15% vol. H,S) followed by
TPO as above. For temperature pro-
grammed reduction (TPR) measurements
we made on sulfided phases without a previ-
ous TPO run (32); the H, flow rate was 40
ml min~!.

XPS analysis was performed at room tem-
perature with an SSX-100 model 206 Surface
Science Instruments (SSI) photoelectron
spectrometer using a monochromated Al
anode (Al Ka, 1486.6 eV), powered at 10kV
and 20 mA, interfaced to a Hewlett—Packard
9000/310 computer. The residual pressure in
the spectrometer was in the range 1 x 1077
to 5 x 1077 Pa. The positive charge devel-
oped on the samples was compensated for
by a charge neutraliser (a flood gun) whose
energy was adjusted to 6 eV and 50 uA. The
intensities were estimated by calculating the
integral of each peak after subtraction of
the background, assumed to be *“S-shaped’’
(35). Atomic concentration ratios were cal-
culated by correcting the intensity ratios
with the theoretical sensitivity factors based
on the Scofield (36) cross sections, assuming
the transmission function of the spectrome-
ter to be independent of the kinetic energy
(Ex). The electron mean free paths (IMFP)
were assumed to vary as the function (Ey)".
Decomposition of peaks was done with the
best fitting routine of the SSI instrument.
In order to avoid exposure of the sulfided
samples to air, the catalysts were cooled
to room temperature under a stream of Ar,
covered with a meniscus of iso-octane, and
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subsequently transferred into the spectrom-
eter (37).

Catalytic Activity Measurements

The catalytic activity of MoS,, Fe,_,S,
FeMoS-0.15, and FeMoS-0.30-7 sulfides
was measured. As model reactions were
used the hydrodesulfurization of thiophene
and the hydrogenation of cyclohexene, mea-
sured simultaneously. The activity mea-
surements were performed in a stainless
steel automatic high pressure ‘‘Catatest’
apparatus (Géomécanique), working in the
continuous flow regime. The reactant was a
mixture of cyclohexane (70 wt%), cyclohex-
ene (29.5 wt%) and 5000 ppm of thiophene.
The flow rate of the liquid feed was 48 g h ™!
corresponding to liquid hourly space veloci-
ties (LHSV) of 34 h~!. The H, (gas N.T.P.)/
hydrocarbon (liquid) ratio was 600. For all
samples, the catalytic activity with 2 g of
catalyst was measured at 573 K under a
pressure of 3 MPa. As exposure to air during
transfer into the reactor could not be
avoided, the samples were resulfided in situ
at 573 K for 1 h by a mixture of 15%
(vo)H,S/H, . The liquid products were ana-
lysed every 1 h, for 12 h, using a gas chro-
matograph (Intersmat, IGC 121 DFL; the
column was 10% Carbowax 20 m/Chro-
mosorb). Activities were expressed as %
conversion and as intrinsic activities,
namely the amount of thiophene (v(HDS))
or cyclohexene (v(HYD) converted per sec-
ond and per unit surface area of the used
catalysts, assuming, in a first approxima-
tion, that the reactions are first order. The
selectivity will also be reported (as v(HYD)/
v(HDS)).

RESULTS
Specific Surface Area

The specific surface areas of the fresh and
used catalysts are presented in Table 2. The
specific surface area of the FeMoS-0.3-T
sulfides decreases as the sulfiding tempera-
ture increases from 673 to 1073 K. For all
sulfides, the specific surface area diminishes
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TABLE 2

Specific Surface Areas of the Fresh (S;) and Used
(S)) Catalysts

Catalyst So(m? g7 Sym? g™h
FeMoS-0.15-673 50.0 31.0
FeMo0S-0.30-673 68.6 33.0
FeMoS-0.30-773 34.0 23.0
FeMoS-0.30-873 25.1 16.0
FeMoS-0.30-1073 18.1 14.0
Fe,_,S 7.8 3.2
MoS, 51.8 29.0

after catalytic work, especially for the MoS,
and FeMoS-r-673 sulfides.

X-ray Diffraction (XRD)

The XRD spectra of the fresh Fe,_ S and
MoS, sulfides are shown in Fig. 1. The dif-
fractogram of iron sulfide shows an XRD
pattern (Fig. 1a) corresponding to the hexag-
onal pyrrhotite structure (Fe,_.S). The
XRD pattern of MoS, (Fig. 1b) is character-
istic of a poorly crystallized MoS, exhibiting
strong and broad (002) and (008) reflections
as well as a broad envelope formed by the
(100), (101), (102), (103), (006), and (105)
reflections.

= -~
S=]ym9
~ 88888
N =SS ER P~
8 5 9
~ (=]
s 2
295 | <
Ty b
Q
]
=
%]
S 3
2 st S
£ 5
N 3
S| E
Q1 =0
NI ~ -
[ N RS
~lQs e
N a
0.0
! 15 29 43 57 71

Degrees (26)

F1G. 1. XRD patterns of (a) Fe,_,S and (b) MoS,.
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F1G. 2. XRD patterns of fresh FeM0S-0.30-T sulfides.

The XRD spectra of the fresh FeMoS-
0.30-T sulfides are presented in Fig. 2. The
XRD pattern of FeMo0S5-0.30-673 is charac-
teristic of a poorly crystalized MoS,-like
phase. As the sulfidation temperature in-
creases to 1073 K, the peaks due to the MoS,
reflections become sharper and more in-
tense, indicating an increasing crystalliza-
tion of the MoS,-like phase, and the peaks
corresponding to the characteristic reflec-
tions of hexagonal pyrrhotite (ideal stoichi-
ometry Fe;Sg, actually Fe,_ S) sulfide ap-
pear progressively.

The XRD pattern of the used FeMoS-
0.30-T samples (T = 673, 873, and 1073 K)
is shown in Fig. 3. In addition to the pres-
ence of molybdenum, always detected as an
MoS,-type phase, iron sulfide FeS (troilite)
was detected in used catalysts (ASTM: 24-
220A). Pyrrhotite (Fe,_,S) is converted to
FeS during reaction.

As the sulfidation temperature increases
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from 673 to 873 K, the thickness of the MoS,
particles or slabs increases from 36.6 to 216
A (Fig. 4). At 1073 K, (a), the particle size
is about 5.9 times larger than that measured
in FeMoS-873. The same trend is observed
for the used FeMoS sulfides (b). Their parti-
cle size values are somewhat higher than
those of the fresh samples.

Madéssbauer Absorption
Spectroscopy (MAS)

The MAS spectra of the fresh sulfides of
the FeMoS-0.30-T series are presented in
Fig. 5. The corresponding parameters, to-
gether with those of the FeMoS-0.15-673
sample, are reported in Table 3. The identi-
fication of the various iron sulfides, as indi-
cated in Table 3, is explained in the discus-
sion (Section 2.2). It suffices to mention here
the presence of a central doublet QI
(FeMoS), and a component in the form of a

efeS

Intensity (CPS]

873K

.J\-‘Mﬁ:n g

7 19 37 55 73 91
20 (degrees)

F16. 3. XRD patterns of the used FeMo0S-0.30-T sul-
fides.
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c-axis) of the MoS,-type phase vs sulfidation tempera-
tures: (a) fresh sulfides and (b) used sulfides.

six-line pattern (sextet H1, H2, H3) (hexag-
onal pyrrhotite). The Mdssbauer spectra
and parameters of the same samples, when
used, are shown in Fig. 6 and Table 4, re-
spectively. Note the presence of QI
(FeMoS, which disappears above 673 K),
of another doublet Q4 (pyrite, FeS,), and a
sextet Hb (troilite FeS). FeS, diminishes in
favor of FeS when the sulfidation tempera-
ture increases.

-80 -40 00 +40 +80
Velocity (mm/s)

Fi1G. 5. MAS spectra of the fresh FeM0S-0.30-7 sul-
fides.

KARROUA ET AL.

Electrophoresis Measurements

The electrophoretic migration velocity of
MoS,, Fe,_,S, and the FeMo0S-0.30 sulfides
are presented in Fig. 7. The isoelectric point
(IEP) values of the MoS, and Fe,_,S were
found to be 3.0 and 3.8, respectively. In the
case of the FeMoS sulfide, only one kind of
particle was observed, characterized by an
IEP equal to 1.6. This value below the IEP
of pure MoS, and Fe,_,S.

DTA (TPDec Followed by TPO), TPS
(Followed by TPO), TPR

Figure 8 shows the DTA curves of the
thermal decomposition under argon (a,b)
and the subsequent temperature oxidation
(c,d) of the precursor of MoS, (a,c) and
FeMoS (b,d) sulfides. Figure 9 reports
the DTA curves of the temperature-
programmed sulfidation-reduction (a,b) and
the subsequent temperature-programmed
oxidation (c,d,a) of the precursor of MoS,
(a,c), Fe_,S (d), and FeMoS (b,c) sulfides.

The temperature programmed reduction
of the MoS, (a), Fe,_,S (b), FeMoS pre-
pared at 673 (c), 873 (d), and 1073 K (e) are
reported in Fig. 10.

X-ray photoelectron spectroscopy (XPS)

For the pure iron sulfide, the S 2p;, and
Fe 2p,, measured BE were, respectively,
161 + 0.2 and 710.3 = 0.2 eV. The Fe/S
intensity ratio is equal to 0.64. The Mo
3dsp and S 2 p,, BE of MoS, are equal to
229.1 % 0.2 and 161.9 = 0.2 eV, respec-
tively. The Mo/S XPS ratio, 0.48, is close to
the bulk composition (0.5). The Mo 3ds, and
S 2ps;, BE of the FeMo0S-0.30-7 sulfides are
independent of the sulfiding temperature
(229.1 = 0.2 and 162.1 = 0.2 eV, respec-
tively). The full width at half maximum
(FWHM) of the Mo 3d;, and S 2p,, are also
constant and both equal to 1.0 = 0.2 eV,

The Fe 2p,, photoelectron lines for
FeMoS-0.30-T are shown in Fig. 11. An in-
crease of the sulfidation temperature from
673 to 1073 K brings about the disappear-
ance of the peak at 708.9-709.0 eV and the
progressive appearance of a peak character-
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TABLE 3

Mdgssbauer Parameters of the Fresh FeMoS-r-T, at 298 K

Sulfidation r CS QS IS(Fe) r H; 1) 1%
(K) temp. (mm/s) (mm/s) (mm/s) (kOe)

0.15 Q1 0.79 0.30 0.68 — FeMoS 74 .4

673 0.15 Q'Ha 0.53 0.32 0.24 —_ “‘Fe,_S" 25.6

0.30 Qt 0.74 0.33 0.77 —_— FeMoS 59.1

0.30 Hi 0.00 0.59 0.60 303.5 10.8

0.30 H2 0.00 0.61 0.60 255.4 Fe,Sq 17.9

0.30 H3 0.00 0.60 0.60 241.0 12.2

873 0.30 Q1 0.67 0.31 0.59 —_ FeMoS/FeS, 75.8

0.30 Ha 0.09 0.67 0.72 272.0 FeS 24.2

1073 0.30 Q1 0.68 0.34 0.33 — FeMoS/FeS, 27.6

0.30 Ha 0.09 0.70 0.59 272.3 FeS 72.4

Note. QS = quadrupole splitting, IS = isomer shift, H; =

internal magnetic field, %I = percentage of presumed

phase r = full width at half maximum, CS is the characteristic signal, and ¢ is the corresponding phase.

ized by an Fe 2p,, BE equal to 710.1-710.3
eV.

The variation of the Fe/(Fe + Mo) XPS
surface ratio with the sulfidation tempera-
ture for the series of the FeMoS-0.30-T is
plotted in Fig. 12. At the lower sulfidation
temperatures, the Fe/(Fe + Mo) ratio re-
mains lower than the value corresponding

-80 -40 00 +40 +80
Velocity (mm/s/

FiG. 6. MAS spectra of the used FeMo0S-0.30-T sul-
fides.

to bulk composition (0.30); it decreases con-
tinuously.

Catalytic Activity

Figure 13 shows that the HDS and HYD
activities become stable after 4 h. Intrinsic
activities of the catalysts are shown in Table
5. FeMo0S-0.15 and FeM08S-0.30 are slightly
more active than unpromoted MoS, sulfide.
Pure iron sulfide (Fe,_,S) deactivated
quickly and became almost completely inac-
tive after 4 h operation. No significant differ-
ence was observed for the selectivity
(vHYD/uHDS ratio) of the MoS, and
FeMoS sulfides.

DISCUSSION

The discussion is in four sections. We first
examine the arguments which prove that our
samples, as a whole, are representative (and
especially, that the FeMoS fresh series pre-
pared at low temperature contains the’
“FeMoS phase™’). This discussion is neces-
sary if we wish to prove that our results give
pertinent insight into the behaviour of the
““FeMoS phase’’ as a function of the temper-
ature of preparation and after catalytic reac-
tion. The two following sections will then be
devoted to the physico-chemical properties
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TABLE 4

Mossbauer Parameters of the Used FeMoS-r-T, at 298 K
Sulfidation r CS Qs IS(Fe) r H; ¢ 1%

(K) temp. (mm/s) (mm/s) (mm/s) (kOe)
0.15 Ql 1.03 0.32 0.52 — FeMoS 53.3
673 0.15 Q3 0.46 0.33 0.54 — “‘FeSx” 46.7
0.30 Ql 1.27 0.32 0.43 — FeMoS 27.4
0.30 Q4 0.60 0.28 0.60 — FeS, 72.6
873 0.30 Q4 0.58 0.30 0.65 — FeS, 49.3
0.30 Hb 0.16 0.68 0.47 309 FeS 50.7
1073 0.30 Q4 0.56 0.27 0.47 — FeS, 14.2
0.30 Hb 0.16 0.74 0.41 311 FeS 85.7

Note. Symbols as in Table 3.

of fresh “FeMoS’’ samples obtained after
different sulfiding temperatures and those of
used catalysts. Then in the fourth section
we will correlate catalytic activity with the
results of the physico-chemical character-
ization, especially with the FeS, content,
trying to explain the discrepancies observed
in the literature.

1. Presence of “FeMoS”’

This first section discusses the evidence
showing that fresh catalysts prepared at
673 K exhibit the signals attributed to the
so-called FeMoS phase, and that this
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FiG. 7. Electrophoretic migration velocity vs pH
curves: (a) FeMo0S-0.30-673, (b) MoS,, and (c) Fe,;_.S
sulfides.

FeMoS is distinct from known sulfides of
iron or molybdenum.

The pure iron sulfide corresponds to hex-
agonal pyrrhotite as indicated by XRD and
confirmed by the values of the isoelectric
point (30) and XPS data (38—40). However,
this pyrrhotite possibly departs from the
ideal stoichiometry Fe;S;. The Fe/S ratio
given by XPS, namely that corresponding
to surface composition (Fe/S = 0.64), corre-
sponds to an enrichment in sulfur compared
to the bulk.

The characteristics of the precursor of
MoS, (namely, a mixture of thio- and oxothi-
omolybdates), as determined by XRD, elec-
trophoresis, and the thermoprogrammed ex-
periments, correspond to the data in the
literature (31, 32, 41, 42). The MoS, samples
also exhibit characteristics corresponding to
those in the literature (30, 43—48).

The characteristics of the FeMoS phase
deserve careful discussion because the sig-
nificance of our results depends on their
identity with those attributed in the litera-
ture to this FeMoS species.

The main agruments come from MAS.
The fresh FeMo0S-0.15 and FeMo0S-0.30 cat-
alysts sulfided at 673 K give MAS spectra
which can be deconvoluted into a central
doublet (Q1) and a magnetic sextet (H1, H2,
and H3). The Mdssbauer parameters of the
QI doublet are QS = 0.79 mm/s and IS =
0.33 mm/s. These values are close to those
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Fi1G. 8. DTA curves of the thermal decomposition
under argon (a,b) and the subsequent temperature oxi-
dation (c,d) of the precursor of the MoS, (a,c) and
FeMoS (b,d) sulfides.

reported by Candia et al. (15) (QS = 0.83
mm/s, IS = 0.30 mm/s) and Qi et al. (17)
(QS = 0.78 mm/s, IS = 0.35 mm/s). It is this
doublet that the above authors attributed to
iron in a special environment, which charac-
terizes what is conventionally referred to as
the “FeMoS phase.”” In a similar MAS
study of the unsupported FeMo sulfide pre-
pared by simple coprecipitation (CP), La-
driere et al. (19) reported (for the ‘‘FeMoS
structure’’) the following values: QS =
0.99 — 1.22 mm/s and IS = 0.30 — 0.35
mm/s. The QS value was higher than the one
cited above. This may be due to the use of
a different preparation method. MAS allows
a determination of the relative amount of
“‘FeMoS phase” in the catalysts. It is found
to be about 74.4 and 60% for our FeMoS-
0.15 and 0.30, respectively.
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The XRD spectrum of FeMoS-673 is
found to be similar to that of amorphous
MoS,. A similar XRD spectrum has been
obtained with CoMoS and NiMoS (24, 25,
29).

The TPDec of the FeMoS precursor did
not show any exothermic effect at 450 K, as
observed in the case of CoMoS (24) and
NiMoS (25). This is due to the absence of
NH,NO,; (which decomposes at about
450 K (49)), as shown by XRD. The broad
weak endothermic peak, between 540 and
710 K, has been mentioned in the literature
(32), but its origin was not explained. The
important fact is that the TPDec peaks of
the MoS, precursor are different from those

AT [(u. a)
7
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Fic. 9. DTA curves of the temperature-programmed
sulfidation reduction (a,b) and the subsequent tempera-
ture-programmed oxidation (c,d,e) of the precursor of
the MoS; (a,c) Fe,_S (d), and FeMoS (b,e) sulfides.
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Fi1G. 10. TPR diagrams of (a) MoS;, (b) Fe,_,S, (c)
FeMo0S-0.30-673, (d) FeMo0S-0.30-873, and (e) FeMoS-
0.30-1073 sulfides.

of the FeMoS precursor (Fig. 8). According
to Wu et al. (32), the broadening of the
TPDec exothermic peak of the FeMoS pre-
cursor appearing at 710-730 K could be as-
signed to some interactions between Mo,
Fe, and S. The most important DTA appears
in TPO. For the two pure sulfides (MoS,
and Fe,_,S), the observed peaks could be
attributed to the oxidation of sulfur into SO,
and probably to the beginning of the oxida-
tion of Mo and Fe to their highest oxidation
state. The main TPO peak of FeMoS ap-
pears about 60 K higher than in the case of
MoS, and Fe,_,S and is more intense. In
addition, the TPO of FeMoS is completely
different from the sum of the TPO contribu-
tions of MoS, and Fe,_,S. This shows that
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Fe is associated with Mo and S in a different
way compared to a simple mixture of MoS,
and Fe, _,S.

The TPS of the precursor of FeMoS (Fig.
9) shows that the sulfidation reaction takes
place at a higher temperature (657 K) than
that (576 K) corresponding to the sulfidation
of MoS,. This result indicates that, in the
presence of iron, the sulfidation of the Mo-
containing species is not easier, contrary to
what is observed when the Mo was com-
bined with Co or Ni (24, 25, 31, 32).

The TPR behaviour of the FeMoS-673
(Fig. 10) is different from that of the MoS,.
In particular, its TPR peak at 420-580 K is
more intense and situated 40-60 K higher
than the first exothermic peak of MoS, (but
lower than the second exothermic peak).
This can be explained by the fact that sulfur
exposed on the MoS, edges is more weakly
bound in the FeMoS structure than in the
MoS,, as reported by Gobolos et al. (18)
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FiG. 11. XPS spectra of Fe 2p;, photoelectron lines
of the fresh FeMo0S-0.30-7 sulfides.
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TABLE 5
HDS and HYD Intrinsic Activity of the MoS,, Fe,_,S, FeM0S-0.15, and FeMo0S-0.30 Sulfides Measured at
T=573K
Catalyst %Conv HYD %Conv HDS v(HYD) x 10° v(HDS) x 108 vHYD/vHDS
(mol s™! m~?) (mol s™' m~?)
MoS, 38.3 68.0 0.31 0.88 35
Fe,_,S° 03.0 07.0 0.17 0.72 23
FeMoS-0.15 41.0 71.0 0.31 0.92 33
FeMoS-0.30-673 46.5 79.0 0.35 0.97 36
FeMoS-0.30-773 29.0 60.0 0.32 1.02 31
FeMo0S-0.30-873 16.5 35 0.24 0.85 28
FeMoS-0.30-1073 6.5 14 0.12 0.44 27

4 After 4 h on stream.

and Ladriére et al. (19). In addition also the
TPR curve of FeMoS-673 did not corre-
spond to the addition of the MoS, and
Fe,_.S TPR patterns.

The presence of a large proportion of a
special association, different from either
MoS, or iron sulfides, in the samples ob-
tained by the HSP method was also con-
firmed by the electrophoretic measure-
ments. The fact that only one family of
particles was observed indicates a very
close association. The isoelectric point
(IEP) value of the FeMo sulfide was found
to be different from that of the MoS, and

Fe/Fe +Mo

973
T (k)

573 773

Fi1G. 12. Fe/(Fe + Mo) surface atomic ratio by XPS
vs sulfidation temperatures.

Fe,_.S and equal to 1.6. This IEP value (al-
most identical to those observed for CoMoS
and NiMoS, namely, 1.5) is in good
agreement with that reported by Gobolos
et al. (30) for the ‘‘FeMoS phase.”

In conclusion, our ‘‘FeMoS’’ samples
sulfided in standard conditions, namely, at
400°C under H,/H,S (15% H,S), show com-
parable behaviour to those reported by
other authors. The data obtained with them
(in particular stability and catalyst activity)
can thus be taken as representative of the
behaviour of the ‘““FeMoS’’ species.

2. Characterization of the Fresh
FeMoS-0.30-T Series Sulfided at
Different Temperatures

The FeMoS-0.30-T catalysts suffer in-
creasing losses of surface area when the sul-
fidation temperature is raised from 673 to
1073 K (see Table 2). Figure 4 suggests that
the increase of the size of the MoS,-like
phase crystallites is the main reason for this.

Although the content of FeMo-0.15-673
in FeMoS is 75%, FeMo-0.30-673 contains
only about 60% of it. In addition to it, an-
other iron sulfide species is detected. It is
characterized by magnetic sextets (H1, H2,
H3). Their hyperfield (Hil, Hi2, Hi3) and
the corresponding IS values are in good
agreement with those reported in Refs. (/9)
and (50) for monoclinic pyrrhotite (ideal for-
mula: Fe,S;), although XRD indicates that
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Fig. 13. Variation of the catalytic activities of
FeMo0S-0.30-673 with the time of reaction.

it is actually amorphous and probably non-
stoichiometric in our catalyst (Fe,_,S). In
the case of FeMo0S-0.15, the doublet Q’Ha,
because of its high IS value, may be attrib-
uted to iron sulfide with a high ionic charac-
ter. We speculatively propose that this iron
sulfide could be superparamagnetic pyr-
rhotite.

For both FeMoS-0.30-873 and FeMoS-
0.30-1073, the IS value was found to be simi-
lar to that in FeM0S-0.30-673. However, the
QS value undergoes a slight decrease with
the sulfidation temperature (see Table 3).
According to Qi et al. (17), the doublet Q’1
could correspond to iron in ‘‘FeMoS
phase’’. However, some studies (11, 51) re-
ported a QS value of 0.614 mm/s and IS =
0.314 mm/s for pure pyrite FeS,. In spite of
this discrepancy in the literature, the dou-
blet Q’1 can probably be attributed mainly
to FeS,, though “*‘FeMoS structure’’ may
also be present. An agrument in favor of the
first interpretation is that FeS, was detected
in the sample named Fe,_,S by XRD (52).
Presumably because it is in small amounts,
FeS, could not be detected by XRD in our
FeMo sulfides. The MAS parameters of the
six-line pattern (Ha) (see Table 2) were in
perfect accordance with those cited in the
references (4, 53) for the hexagonal pyrrho-
tite (Fe,_,S) over a wide range of nonstoi-
chiometry (Fe,S; to Fe,Sq.5). Well-crys-
tallised Fe,_, S was detected by XRD in
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these sulfides. The presence of hexagonal
pyrrhotite confirms the findings of several
groups (4, 17, 20). The explanation would be
that MoS, can stabilise pyrite in conditions
where Fe, _ .S phase is theoretically the only
thermodynamically stable phase.

The relative intensity of Ha increases at
the expense of Q’1, when the sulfidation
temperature increases from 873 to 1073 K,
indicating the partial transformation of
(FeS, + “‘FeMoS phase’’) into Fe,_,S. The
amount of (FeS, + ““FeMoS’’) decreases
from 75.8% at 873 K to 27.6% at 1073 K,
whereas that of Fe,_.S increases from
24.2% at 873 K up to 72.4% at 1073 K. The
TPR and XRD results agree with these data,
especially the increase of pyrrhotite when
the sulfiding temperature increases. In the
TPR analysis of FeMo0S-0.30-7, the inten-
sive broad band, characteristic of the re-
moval of sulfur, probably comes from iron
sulfide rather than from molybdenum sulfide
(compare Figs. 10a and 10b with 10c-10e). It
increases with the sulfidation temperature.
The partial segregation of iron from the
““FeMoS phase’” (iron dispersed on the
edges of MoS,) as Fe,_.S goes along with
the increase of crystallinity of the MoS,-like
phase induced by higher sulfidation temper-
ature. Indeed, according to Topsge et al.
(I14), a high sulfidation temperature pro-
vokes a lowering of the MoS, edge area,
and, as Fe can no longer be accommodated
on the edges, it segregates from the ‘‘FeMoS
phase.”’

XPS shows that at least two iron-con-
taining species are present in the FeMoS
sulfides (see Fig. 11). One of these is charac-
terized by an Fe 2p,, BE value equal to
708.9-709.1 eV. This BE is higher than
those (706.6 and 706.4 ¢V) of the FeS, sul-
fides (pyrite and marcasite, respectively)
and lower than 711.2 eV, characteristic of
FeS (troilite) (54). There is little information
in the literature about the nature of this spe-
cies. Based on the MAS and XRD results,
we propose that this Fe species might be
attributed to sulfided iron associated with
MoS, in the FeMoS catalyst. The intensity
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of the corresponding XPS peak diminishes
as the sulfidation temperature increases.
The other species was characterized by an
Fe 2p;, BE equal to 7.10 = 0.2 eV.This
corresponds perfectly to pyrrhotite Fe, _,S.
In agreement with the MAS and XRD re-
sults, the intensity of this peak increases
with the sulfidation temperature.

The Fe/(Fe + Mo) XPS ratio (0.20) is
lower than the bulk composition (0.30).
This could be due to a coverage of the
iron sulfides by MoS, as reported by Groot
(55). Adopting this interpretation would
imply that the location of Fe in FeMoS is
not restricted to the edges and corners of
the MoS, slabs, but corresponds also to
the interior of MoS,. However, a much
simpler explanation is that some segrega-
tion of FeS, from FeMoS has already taken
place, and that this FeS, is poorly dis-
persed and hence emits proportionally
fewer photoelectrons. The Fe/(Fe + Mo)
ratio decreases continuously. The interpre-
tation is almost certainly that the amount
of iron coming from ‘‘FeMoS phase’ to
form pure iron sulfide increases, and that
the corresponding crystallites expose a
smaller area for the escape of Fe 2p,,
electrons than Fe in FeMoS.

3. Stability of the ‘“FeMoS Phase’’
during the Catalytic Reactions

The catalysts lose surface area during
activity tests (Table 2). This loss is substan-
tial for FeMo0S-0.30-673, namely, more
than 50%. This may be due, in part, to
some coke deposition (56), but crystal
growth certainly plays an important role:
this is shown by XRD (see Fig. 4). This
corresponds to other observations in the
literature (57).

The amounts of **‘FeMoS phase’” and pure
iron sulfide in the fresh and used FeMoS-
0.30 or FeMoS-0.15-673 catalysts, taken
from the results presented, are shown, re-
spectively, in Figs. 14 and 15. The amount
of “‘FeMoS phase” in FeMoS catalysts de-
creases after catalytic work, and, correla-
tively, the amount of pure iron sulfide in-
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% Fe in "FeMoS phase"

FeM0S-0.15-673

FeMo .30-673

FiG. 14. Percentage of Fe in ‘‘FeMoS phase’’ in the
fresh and used FeMoS sulfide.

creases. These results confirm that iron
segregates from the ‘‘FeMoS phase’” at me-
dium-high H, pressure, to form pure iron
sulfide. This phenomenon is similar to that
observed by Breysse et al. (23), who proved
that Co in the similar ‘‘CoMoS phase”
structure is highly sensitive to H, and that
the Co MES signal progressively becomes
very close to that corresponding to CoySy.
Segregation phenomena in ‘““CoMoS’™ at a
high hydrogen pressure have also been re-
ported by Candia et al. (22). Taking into
account the same location of Fe on MoS,
edges as compared with that of Co in
*CoMoS’’ phase (58), one may expect com-
parable behavior of both sulfided systems
even though their electronic properties are
different (8, 9) leading to different strength
of the metal-sulfur bond.

o0 FRESH ~
M _UseED =

% pure iron sulfide

FeMo5-0.30-673 FeMo0S-0.15-673

F1G. 15. Percentage of Fe in pure iron sulfide in the
fresh and used FeMoS sulfide.



654

Mossbauer spectroscopy (Table 4) shows
that FeMo0S-0.30-673 undergoes a signifi-
cant change during use. It should be remem-
bered that two phases are present in the
catalyst, namely ‘‘FeMoS”’ and Fe, __S (Ta-
ble 4). However, the QS value (1.27 mm/s)
of the Q1 signal is higher than that (0.79
mm/s) of the fresh FeMo catalyst. The
“‘FeMoS phase’” of the used catalysts has
the same MAS parameters as those reported
by Ladriere et al. (19) in their study of a
series of catalysts. These authors attributed
this doublet to the so-called ‘‘FeMoS
phase.”’ This change of the QS parameters
may be due to a change in the crystallinity
of the catalysts: the explanation would be
consistent with results of Ladriére et al.
(19). The doublet Q4 was attributed to FeS,
in accordance with the literature (59-61).
The monoclinic pyrrhotite present in fresh
FeMoS-673 became transformed, during
catalytic test, into FeS, (/1, 52). FeS,
(=73%) is formed, for one part, from Fe,S;
(40%), and the FeMoS phase for the differ-
ence (=33%).

In the case of the FeMo0S-0.30-873 and
FeMoS-0.30-1073, the best fitting of the
MAS spectra shows the presence of two
compounds which are characterized by the
doublet Q4 and a magnetic sextet (Hb). The
Médssbauer parameters of the Hb sextet are
those of troilite (FeS) (53, 62), and corre-
spond to near stoichiometric compounds
(51, 63, 64). Troilite FeS was the only pure
iron sulfide which could be detected by
XRD. Increasing the sulfidation tempera-
ture caused a considerable decrease of the
concentration of the FeS, (from 72.6% at
673 K to 14.2% at 1073 K) whereas that of
FeS increased (from 50.7% at 873 K to
85.7% at 1073 K). Troilite is the thermody-
namically stable iron sulfide under our ex-
perimental conditions (65). This is in good
agreement with the work of Smith et al. (66),
who showed that in HDS of thiophene with
H,, both pyrite (FeS,) and pyrrhotite
(Fe, _,S) were converted into troilite (FeS).
In their case also, part of the FeS, remained
untransformed.
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The FeMoS species becomes completely
transformed into pure iron sulfides. This
situation is similar to that of the ‘‘CoMoS
or NiMoS”’ phases which are poorly stable
under the medium-high pressure conditions
in the reactor and decompose into pure
sulfides (11, 22, 24, 25, 29). It has been
shown that the mixed ‘“CoMoS” or
“*NiMoS”’ phases act as a precursor, and,
either on high-temperature activation or
during high-pressure catalytic activity run,
segregate, leading to biphasic catalysts in
which Co,Sg or Ni,S; are formed at the
expense of the mixed phase.

The diminution of the number of Fe
atoms associated with ‘‘FeMoS’’ after cat-
alytic work does not seem to have the
same origin as the phenomenon observed
when high sulfidation temperatures are
used. In the above discussion of this latter
effect, we attributed the segregation phe-
nomenon of pure iron sulfides mainly to
the diminution of the edge surface area of
MoS, (namely, a diminution of the number
of the sites available for ‘‘decoration”).
During catalytic use, the thickness of the
MoS, crystallites along the c-axis changes
much less (from approximately 36 to 53 A)
than when the sulfiding temperature varies
from 673 to 1073 K (from about 36 to
more than 215 A). Another origin for the
segregation must exist. The tendency of
the iron atoms associated with Mo in the
“‘FeMoS phase” to segregate is probably
linked fundamentally to the fragility of the
attachment of Fe to the MoS, structure.
One possible explanation would come from
the proposal of Groot (55), who, on the
basis of XPS measurements, supposes that
Fe, Mo, and S are present as an MoS,~FeS
mosaic, where a part of FeS is covered by
MosS,. If we accept this proposed struc-
ture, the conclusion would be that, under
hydrogen pressure, this structure decom-
poses into molybdenum and iron sulfides.
However, one could also simply conclude
that the reducing conditions prevailing dur-
ing catalytic work bring about the breaking
of the bonds attaching Fe to the MoS,
structure.
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4. Catalytic Activity

There are conflicting views in the litera-
ture with respect to the HDS activity of pure
iron sulfides. Pecoraro and Chianelli (8)
have reported that dibenzothiophene HDS
activity of pure iron sulfide (designated as
FeS,), measured at 673 K and under a pres-
sure of 3.1 MPa, is much lower than that of
MoS, . Ramselaar et al. (12) have studied the
thiophene HDS activity of Fe/C, measured
after 2 h on stream under atmospheric pres-
sure. They found that the HDS activity de-
creased markedly when the iron content in-
creased. In the work of Groot ef al. (38),
iron supported on carbon was found to have
a higher thiophene HDS activity and a lower
butene HYD activity than MoS,. In the
present work the initial HDS and HYD ac-
tivity were found to be equal to 5.8 x 107%
and 1.39 x 10 °mol s™' m~2, respectively.
In spite of the low surface area of Fe,_.S
(Table 2), activities are higher than those of
the FeMo sulfide. However, we also found
that Fe,_ S sulfide deactivated very rapidly
and its activity became negligible after 4 h
on stream. The loss of activity must be ex-
plained by phase transition of the Fe,_,S
into FeS during reaction, and, possibly,
coke deposition. Our results explain the dis-
crepancies found in the literature. The activ-
ity of Fe,_,S is only significant with the
starting material, but becomes negligible
after some time under the reaction condi-
tions.

Visser et al. (39) attributed the weak iron
promoting effect to the presence of a
“FeMoS phase.”” They detected this spe-
cies, together with Fe,_,S and FeS,, by
Maossbauer spectroscopy in the fresh cata-
lyst, but did not mention any involvement
of the pure iron sulfides in the promoting
effect. The presence of FeS, in used unsup-
ported FeMo catalyst has been reported in
other publications (12, 19). This sulfide was
found to be capable of bringing about hydro-
genolysis (20). In the work of G6bol1os et al.
(18), the HDS activity of the unsupported
FeMo catalyst was found to decrease as the
amount of FeS, in the used catalyst de-
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creased. In our case, both used FeMoS-0.15
and 0.30, sulfided at 673 K, were composed
of some remaining ‘‘FeMoS phase’ and
pure iron sulfide Fe,_,S (a total of about
15.3 and 25%, in the case of FeMoS-0.15
and FeMo0S-0.30, respectively). The active
phase seems to consist of a mixture of pure
iron sulfide (FeS,, FeS) and MoS,-like
phase (MoS; and ‘‘FeMoS”’). In spite of the
high amount of ‘‘FeMoS phase” in our
FeMoS-0.15, its activity was found to be
lower than that of FeM0S-0.30, which con-
tains much lower amounts of the ‘““FeMoS
phase.”” This implies that the HDS activity
is not proportional to the amount of the
‘‘FeMoS phase”’ in the catalyst and suggests
that it may also be related to the presence
of pure iron sulfide.

The HDS and HYD intrinsic activities are
only moderately affected when the sulfida-
tion temperature increases from 673 to 773
K (see Table 5), in spite of substantial
changes in the texture of the catalysts
(strong loss of surface area from 68.6 to 34.0
m? g~ ! and increase of the thickness of the
MoS, crystallites, as shown in Fig. 4).
Above 773 K, the activities for both reac-
tions diminish continuously. The FeMoS-
0.30-7 samples corresponding to T = 873
and 1073 K practically do not contain any
““FeMoS phase.”” Nevertheless, they pos-
sess an appreciable intrinsic catalytic activ-
ity, especially FeMo0S-873. This implies that
the mixture of MoS,, FeS, and FeS,, with-
out the ‘‘FeMoS phase’’, is active. The con-
tinuous decrease of the intrinsic activity
may be due principally to the progressive
crystallisation of the catalyst during reac-
tion, corresponding to a diminution of the
edge area of MoS, and accordingly of the
number of Mo active sites. The decrease of
the amount of FeS, varies practically in the
same manner as the decrease of activity.

In the literature, a positive correlation be-
tween the amount of the ‘*‘FeMoS phase’’ in
fresh catalysts and activity has been re-
ported (12, 17).

Our results do not show this sort of corre-
lation: no ‘‘FeMoS phase’” was detected in
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F1G. 16. Correlation between HDS and HYD activi-
ties of FeMo0S-0.30-T and the amounts of the iron-con-
taining species present in the used FeMoS catalysts.

used FeMo catalysts sulfided at 873 and 1073
K, in spite of the fact that they retain (espe-
cially FeM0S-0.30-873) about 80% of the in-
trinsic activity of FeMo0S-0.30-673 (Fig. 13).
Figure 16 suggests that FeS, plays some
role: there is a parallelism between the vari-
ation of the HDS and HYD activities and
the amount of FeS, present in the used cata-
lysts.

CONCLUSIONS

1. Iron is a weak promoter for hydrodesul-
furisation (HDS) in unsupported FeMo cat-
alyst.

2. Two iron species exist in fresh FeMo
sulfide prepared by the HSP method,
namely, the ‘““FeMoS phase’’ and pyrrhotite
Fe,_,S.

3. An increase of the sulfidation tempera-
ture induces considerable textural and
structural modifications of the unsupported
FeMo sulfide. In particular:

—an increase of the pyrrhotite content

—the FeS, and sulfided Fe in ‘‘FeMoS
phase’’ are partially converted into FeS (tro-
ilite), which is the stable phase under reac-
tion conditions

—in the same way as for the Co(Ni)
MoS phase partial segregation leading to bi-
phasic catalyst is obtained by sulfidation at
high temperature

4. Three iron species could be detected
in the used FeMo sulfide: these were the
““FeMoS phase,”” FeS,, and FeS. The con-

KARROUA ET AL.

centration of troilite FeS increases, as for
catalysts initially sulfided at increasing tem-
peratures.

5. The ““FeMoS phase’’ is unstable during
the catalytic reaction at 3 MPa total pressure
and 573 K. This unsupported catalyst pre-
sents the same behaviour as the “‘CoMoS”’
or ‘‘NiMoS’’ phase.

6. The catalytic activity does not correlate
with the percentage of the ‘‘FeMoS phase”’
in the catalyst. The HDS activity decreases
as the amount of FeS, decreases and an opti-
mal concentration of the mixture ((FeS, or/
and FeS) + FeMoS phase) seems suitable
to obtain high HDS activity.
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