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The catalytic HDS activities of unsupported sulfided molybdates
of Fe(l11), Co(ll), and Ni(Il) have been examined measuring the con-
version of thiophene at 400°C under atmospheric pressure. The ox-
idic precursors employed included the hydrates AMoQO, - H,0 and
the «- and B-AMoO, polymorphs (A =Fe, Co, or Ni). The previ-
ous finding that sulfided 8-NiMoO; is a better HDS catalyst than
a-NiMoQy is now generalized to the other two molybdate sys-
tems, suggesting that the tetrahedral environment of Mo in the
B-isomorphs provides a more active A-Mo-S phase than the oc-
tahedral one in the a-molybdates. The reduced (nonpresulfided)
molybdate samples showed lower HDS activities than those sul-
fided in pure H,S. Prereduction followed by sulfiding seems to be
an optimum procedure for the highest HDS activity of the nickel
molybdates and also of 8-FeMoO;. It was found that NiMoO, - H,0
renders a more active sulfided catalyst than the g-phase synthesized
by calcination at 760°C, and this seems to be related to the in situ
generation of B-NiMoO,4 with higher surface area during the activa-
tion of the hydrate at 400°C. The hydrated phase of cobalt behaved
similarly, but that of iron, on the contrary, was a poorer catalytic
precursor than g-FeMoO;. It is suggested that decomposition of the
hydrated compound in the case of Fe could generate a more crys-
talline material upon sulfiding due to the possibility of changesin the
oxidation state of the metals (i.e., Fe?* = Fe3*, Mo®" = Mo®*) dur-
ing thermal transformations in presence of evolved water. @ 1997
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INTRODUCTION

Research in the field of hydrodesulfurization (HDS)
catalysis has been carried out during the past 50 years. Cata-
lyst formulations consisting of “cobalt molybdate” on alu-
minawere firstempirically developed and optimized by trial
and error approaches. Later, nickel-molybdenum formula-
tions were found to be active and also empirically opti-
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mized. This type of work was pursued almost exclusively in
the industrial laboratories (1). After about 1965, groups in
academic institutions became increasingly involved in re-
search on these catalytic systems, focusing their attention
in the oxidic precursors of the catalysts, as it was shown
early that the active (sulfided) state is very sensitive to ex-
posure to ambient conditions and consequently difficult to
handle without special in situ techniques. With the devel-
opment of such techniques, it became feasible to study the
active sulfides, with the result that now most emphasis in re-
search on the catalytic systems is put on the sulfided state.
However, catalysts in the oxidic state are important ma-
terials themselves, as is evident considering that the cata-
lysts are fully oxidized not only when originally prepared,
but also after regeneration procedures that play an im-
portant role in the technology of HDS processes (2). In
addition, Fe, Co, and Ni molybdates are important compo-
nents of industrial catalysts for partial oxidation of hydro-
carbons (3).

The molybdates of divalent Fe, Co, and Ni of general for-
mula AMoOq exist in three distinct phases. Two of them
occur under ambient pressure, while the other one
(AMOoO¢-11) is observed at higher pressures. In the most
used nomenclature system, the normal pressure isomorphs
are designated «- and 8-AMo0O, (4), where the « prefix ac-
counts for the STP stable phase and g corresponds to the
high-temperature modification. In the case of Fe, Co, and
Ni, the three a-phases are isotypic, with Mo and the second
metal both in octahedral coordination; the B-isomorphs are
also isotypic and present Mo in tetrahedral coordination,
the group V111 metal being again octahedrally coordinated.
While pure g-NiMoQ, is unstable below about 250°C (5),
B-CoMoO, and g-FeMoO, can be stabilized at room tem-
perature, depending on their thermal history (4, 6). Of rele-
vance for catalytic applications and model studies, this fam-
ily of compounds can be prepared by soft chemical routes
(coprecipitation of AMoO, - nH,O phases followed by cal-
cination at relatively low temperatures), as opposed to the
high-temperature ceramic-type preparations generally em-
ployed for structural studies.
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The industrial HDS catalysts of composition Co(Ni)-Mo/
Al,O3 typically consist of several surface species (7). Am-
ong these, molybdates of the type AMoO, have been de-
tected several times (see, e.g., 8). Such compounds or mixed-
oxide surface species resembling them may have practical
importance, as they may help to prevent loss of the Co or
Ni promoter into the lattice of the alumina support caused
by oxidative treatments, especially during regeneration (2).
On the other hand, these mixed phases could be optima
precursors for the A—Mo-S structures, proposed to be the
true active components of the sulfided catalysts (7, 9). How-
ever, earlier work had generally reported that molybdates,
and particularly CoMoOQy, are poor precursors of sulfided
HDS catalysts (10). Iron is regarded as a poorer promoter
for Mo-based hydrotreatment catalysts than Co or Ni (11),
and in consequence it has been employed less frequently,
either as a secondary promoter associated to Co and/or Ni
(12) or in Fe—Mo formulations (13). An important charac-
teristic of Fe compounds that may explain the low activity of
Fe—Mo catalysts is the high probability of forming Fe** ions
in aqueous solutions exposed to atmospheric oxygen (i.e.,
during impregnation, drying, and calcination of the oxidic
precursors of catalysts), even if starting from ferrous salts.

In a previous report (14) we showed that 8-NiMoQOy is
a better precursor than «-NiMoO, for unsupported model
catalysts employed in the HDS of thiophene. The objective
of the present work is to investigate the similar Co and Fe
molybdate systems to verify if the higher activity found for
the B-phase of Ni is a general fact that might be related
to structural considerations. The hydrated AMoO, - nH,O
phases obtained as intermediates during the syntheses were
also tested.

EXPERIMENTAL

Preparation of Catalysts

The hydrated precursors of general formula AMoOy, -
nH,O were synthesized by coprecipitation from aqueous
solutions of A%* salts and ammonium heptamolybdate. A
preparation method was followed which was devised by
Mazzocchiaet al. for NiMoO, (15). This procedure requires
careful control of the temperature and pH of solutions be-
fore and after mixing. It was found that temperatures within
a short range (80-85°C) and similar pH values (~5 follow-
ing precipitation of AMoO, - H,O) were adequate for the
three compounds. It must be emphasized that temperature
control must be carried out during coprecipitation, filtra-
tion, and washings; otherwise, the molybdates could be de-
composed if enough solvent is in contact with the moist
precipitate at lower temperatures.

Nickel or cobalt nitrates were employed as precursors
salts for the corresponding molybdates and ammonium fer-
rous sulfate was used for the Fe—Mo system. In the latter
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case, a special reactor was devised in order to control the
atmosphere surrounding the coprecipitation solutions and
the solid being filtered, as an inert atmosphere is necessary
to guarantee that the iron in the aqueous system remains
in the ferrous state. The reactor consisted of a jacketed
cylindrical flask, with a porous plate sealed in a side arm.
Inert gas (high-purity N;) was circulated through a tube
immersed in the solution. The side arm with porous plate
was used both for letting out the inert gas during purg-
ing, synthesis, and aging of the precipitate and for filter-
ing the solution without having to remove the solid from
the inert atmosphere. Nitrogen was bubbled through all so-
lutions and washing liquids, to displace dissolved oxygen.
The temperature of the synthesis vessel was controlled by
means of a thermostatic circulator bath connected to the
glass jacket of the reactor. After washings, the precipitate
was kept into the reactor for an additional 2 h at ~80°C un-
der inert atmosphere before removing and storing in sealed
ampoules.

In general, the a-isomorphs of the different compounds
were prepared by firing at 550°C the hydrated precursors
and cooling slowly to room temperature (~5°C/min). Heat
treatments of the iron compounds were always carried out
under inert gas atmosphere to prevent the oxidative de-
composition of FeMoO, to Fe,(MoQy)s (16); such effect
has not been reported for CoMoO.. In the cases of Co and
Fe, thorough grinding of the calcined product was neces-
sary to complete the transformation, as the g-phases can
be quenched at room temperature.

The B-isomorphs of Co and Fe were prepared by cal-
cining samples of the «-phase at 550°C, followed by fast
cooling (~100°C/min) to room temperature. The standard
preparation of 8-NiMoO, consisted in calcination of the
a-isomorph at 760°C for 5 min and cooling to the temper-
ature required for further work, always above ~300°C. It
has been shown elsewhere (14) that this procedure guar-
antees the complete transition from «- to S-NiM0O,. As
will be discussed below, decomposition of the hydrates at
temperatures between 300 and 500°C also result in forma-
tion of the B-AMoQ, phases (although with higher surface
areas). In general, reference to 8-AMoO, phases should be
understood to mean those obtained by calcination of the
corresponding « ones at 550 or 760°C.

Note that the surface areas of -NiMoO, cannot be mea-
sured by standard physisorption techniques. Thus, in order
to compare the catalytic properties of «- and g-isomorphs
with similar surface areas, some samples of «a-NiMoO, were
prepared by cooling the standard g-phase and allowing the
B — « transformation to take place at room temperature.
It is assumed that the area of the 8-phase is similar to that
of the @ one obtained by this method. In agreement with
this assumption, in the cases of Co and Fe the areas of both
phases before and after allowing the transition were com-
parable.
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Catalytic HDS Activity

Thiophene HDS activity at 400°C was measured as re-
ported earlier (14), using a continuous-flow microreactor
operating at atmospheric pressure. Samples of catalysts
(50 mg) were submitted to one of the pretreatment proce-
dures (see next section) before admitting the reaction feed
(120 cm®- min~! of H, and 1.3 x 10~* mol - min~! of thio-
phene). The analysis of reactants and products was carried
out with an on-line gas chromatograph and a double-valve
system for sampling (17). All samples were measured by
duplicate or triplicate. The reproducibility was better than
5%.

Pretreatments

Presulfiding in pure H,S was accomplished by heating the
sample in He to 400°C and admitting a 50 cm®- min~! flow
of undiluted H,S. After 1 h, the H,S flow was discontinued
and the reactant mixture was admitted to the reactor. Pre-
reduction was carried out by heating the sample in He to
300°C and then flowing 100 cm®- min~! of H, for 1 h. After-
ward, the temperature was raised to 400°C and thiophene
was introduced for reaction measurements.

A second procedure for sulfiding was also employed,
which has been previously shown to be the best pretreat-
ment in our reaction conditions for Ni-Mo/Al,O3 catalysts
(18): After prereduction as above, the temperature was
raised to 400°C and H,S admitted for 1 h. Finally, the H,S
flow was discontinued and the reaction feed was switched
on.

Catalyst Characterization

Samples of the hydrated precursors and calcined «- and
B-phases were characterized by X-ray diffraction (XRD)
with a Philips PW 1730 equipment, employing Fe-filtered
Co (Ka) radiation. BET surface areas were determined
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by N physisorption in a Micromeritics ASAP 2000 instru-
ment. Fourier transform infrared (FTIR) and photoacous-
tic (PAS-FTIR) spectrawere collected with a Nicolet 5DXC
apparatus, using a MTEC 200 attachment for PAS. FTIR
samples were analyzed employing the conventional KBr
disk technique, while samples for PAS-FTIR were studied
as powders. Temperature-programmed reduction (TPR)
profiles were obtained by means ofa TPD/TPR 2900 instru-
ment from Micromeritics, heating at 20°C/min from ambi-
entto 1000°C (except, as noted above, for 8-NiMoO4 where
heating was done from ~300°C after in situ generation of
this phase); sample weight was 10 mg and the reducing gas
was 15% H, in Ny, flowing at 50 ml/min. Metal chemical
analyses were made by means of atomic absorption with
a Varian GTA-95 instrument, while sulfur analyses were
performed with a Fisons1800 CHNS-O elemental analyzer.

RESULTS

Characterization of the Oxidic Precursor Samples

The coprecipitation method employed for the synthe-
sis of the hydrated molybdates resulted in finely powdered
solids. Chemical and thermogravimetric analyses produced
the data shown in Table 1, confirming the AMoO,- H,O
stoichiometry for the three hydrates. XRD results, showing
quite broad signals (Fig. 1), agree with the JCPDS pow-
der diffraction file cards (19) for NiMoQ, - H,O (No. 13-
128) and CoMoO, - H,0O (No. 26-477). No XRD data seem
to be available in the literature for the hydrated ferrous
molybdate. It was found that increasing contact times of the
FeMoO, - H,O compound with the mother liquor during
preparation—even under inert atmosphere—Iled eventu-
ally to ferric compounds, in particular, ferrimolybdite (20).

Table 1 also shows some physicochemical characteristics
of the anhydrous samples. Good agreement of the mea-
sured XRD traces (Fig. 1) with the JCPDS file was observed

TABLE 1

Physicochemical Characteristics of the Oxidic AMoO, - nH,0 Catalytic Precursors

Calcination/drying Composition BET TGA weight loss at
temperature atomic ratio surface area 150°C (mol ratio
Sample °C) Color (A/(A + Mo)) m?.gh H;0/AMo00Oy)
NiMoO;, - H,O 110 Golden yellow 0.49 37 0.9
@-NiMoO, 550 Yellow 0.51 38 —
B-NiMoO,4 760 Greenish-yellow 0.53 26 —
CoMoO, - H,0O 110 Violet 0.48 18 0.9
a-CoMo00O, 5502 Green 0.49 24 —
B-CoMoO, 550 Violet 0.48 20 —
FeMoOy, - H,O 110° Light brown 0.47 8 1.0
a-FeMoO, 5502P Dark brown 0.45 9 —
B-FeMoO, 550° Brown 0.47 7 —

@ Ground to complete B > « transition.
b Dried/calcined under inert gas.
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FIG.1. Powder XRD patterns of (a) FeMoO,- H,0O; (b) CoM0O,-
H,0; () NiMoOy - H,0; (d) a-FeMoOy; () a-CoMoOy; (f) a-NiMoOy;
(g9) B-FeMoOy; (h) B-CoMoO,. Filled squares, AMoO,-nH,O phases;
filled circles, «-AMOoOQy; filled triangles, B-AM0O,.

for a-NiMoO, (No. 33-948), «-CoMo0O, (No. 25-1434), and
B-CoMoO, (No. 21-868). B-NiMoO,4 cannot be quenched—
if pure—at room temperature (5, 14), and thus the evi-
dence for the presence of this phase stems mainly from
the TPR experiments. However, the ¢ — g transition in the
present samples of NiMoO, has been confirmed to be com-
pleted under the conditions described above (calcination
for 5 min at 760°C) in a high-temperature XRD study now
in progress (21). The a-isomorphs of CoMoO4 and NiMoO4
were also positively identified by comparing their transmis-
sion FTIR spectra (Fig. 2) with published data (22, 23). In
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FIG.2. FTIR (A, B) and PAS-FTIR (C) spectra of (A) hydrated
phases; (B) «-phases; (C) pB-phases. Top, FeMoO,-nH,O; middle,
CoMoO, - nH,0; bottom, NiMoO4 - nH,0.
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the case of B-CoMo00Qq (also for g-FeMo0QO,) the IR spectra
were acquired from the powdered samples by means of the
PAS attachment, as pressing to form self-supporting waf-
fers or KBr pellets resulted in partial transformation to the
a-phases. Although these spectra were poorer than those
acquired by FTIR, the comparison with previously reported
data for MgMoO4 (22, 23) and MNnMoO4 (22) confirmed the
presence of the B-isomorphs of the Fe and Co compounds.
Note that Mg and Mn molybdates exist in a single normal
pressure phase, with Mo tetrahedrally coordinated, which
is isomorphous to the g-phase of the iron group molyb-
dates (4).

Most XRD peaks observed for «- and 8-FeMoO, (Fig. 1)
agree with the JCPDS data (card Nos. 22-1115 and 22-628,
respectively). For 8-FeMoO,4 the number of peaks and their
intensities were in good agreement with the card, but in the
case of the a-phase peak intensities do not fully correspond
with the data on the card; particularly, some peaks of the
B-isomorph are still present, but also other signals are ob-
served which could be due to ferric compounds. The com-
parison of the (PAS-)FTIR spectra of these samples with
those of the Ni and Co compounds confirmed the presence
of the - and B-phases (Fig. 2) but, again, the signals of
a-FeMoQy are rather broad, suggesting that the transition
from - to a-phase has not been completed or that other
phases could be present (as g-FeMoQy, ferric molybdate
presents Mo ions in tetrahedral coordination).

TPR profiles of the oxidic samples can be seen in Fig. 3,
where the characteristic T, (temperature at the maximum)
of each signal is displayed. Quantitative data calculated
from these spectra are shown in Table 2. The three molyb-
date systems show peculiarities that allow to easily distin-
guish among them by simply examining the shape of the
reductograms. TPR spectra of nickel and cobalt molyb-
dates present two peaks, but the ratio of intensities of lower
to higher Ty, peaks changes from about 4:1 in Nito 1:4
in Co (Table 2). On the other hand, ferrous molybdates
are characterized by a broad, structured, high-temperature
signal.
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FIG.3. TPR profiles of (A) NiMoO,-nH,0O; (B) CoMoO,-nH,0;
(C) FeMoOy, - nH,0; (a) hydrated phases; (b) a-phases; (c) 8-phases.
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TABLE 2
Quantitative TPR Data

H, consumption/mmol - gcat~*

Sample Total First peak
NiMoO, - H,0O 16.2 135
@-NiMoO4 18.5 15
a-NiMoO 18.3 14.9
B-NiMoO4 18.2 13.4
CoMo0Oy, - H,O 16.5 4.1
a-CoMoO, 18.3 4.7
B-CoMoO, 17.8 41
FeMoO,- H,O 18.1 —
a-FeMoO, 19.8 —
B-FeMoO, 17.6 —

a Calcined at 760°C for 5 min.

Similar profiles of the hydrated (24) and anhydrous
(14, 24) NiMoO, phases have been previously reported and
discussed. The different TPR spectra of «- and 8-NiMoO4
(Fig. 3A) allow us to confirm the presence of the latter
phase in the corresponding sample (14). Mazzocchia and
Di Renzo also found that the «- and 8-phases of NiMoO4
show different rates of reduction (25). The quantitative re-
sults (Table 2) agree with a reduction mechanism in two
steps, the first one (major peak at lower temperature) re-
lated to the formation of Ni, Mo, and Ni—-Mo alloys or inter-
metallics, dispersed in a small amount of amorphous MoO,,
which becomes reduced under the high T, signal (24). Re-
duction of the anhydrous nickel molybdates seems to occur
through decomposition to NiO plus MoO,, and no mixed
lower oxides have been detected (25), contrary to the cobalt
and iron molybdates (see below).

Cobalt molybdate reduction was studied by Haber and
Janas (26). These authors found, under isothermal condi-
tions (480 to 540°C), reduction of either anhydrous phase
to an equimolar mixture of Co,M030g (molybdite) and
Co,M00, (spinel). The present TPR data agree, showing
reduction to these lower oxides in a first stage (peak at
~565°C; H, consumption shown in Table 2), followed by
reduction to the metals at higher temperatures. Only minor
differences (in the shape of the low-temperature peak) exist
between the TPR profiles of «- and -phases of CoMoO,,
which probably is due to the fact that the o« — g transi-
tion temperature at 420°C (27) is below the onset of the
reduction under TPR conditions (Fig. 3). Both Ni- and
Co-hydrated molybdates are easier to reduce than their
anhydrous counterparts, but in general they show similar
features to those of the later. Other studies of CoMoO,
reduction have confirmed the findings of Haber and Janas
(see 28 and references therein).

For iron (1) molybdate reduction less data are available
in the literature. Pasquon et al. (29) reported that isother-
mal hydrogen reduction of g-FeMoQO, at 500°C (several
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hours) produces FeMoOj3;. However, in the transient con-
ditions of the present TPR experiments, reduction starts
at higher temperature (close to 700°C), with complete
reduction to the metals in a single or two closely over-
lapping peaks. In a study of catalysts composed of mix-
tures of Fe;(Mo0O,); and MoOj3; by means of TPR, XRD,
and Mossbauer spectroscopy, Zhang et al. showed that g-
FeMoO,—obtained in situ by reduction of Fea(MoOg4)s—
is reduced to Fe;Mo30g and Fe;O4 at 680°C and to the
metals at 730°C (30). These somewhat lower temperatures,
compared to those in the present study, are probably due
to the use of different experimental setup and conditions
(10°C - min~! heating rate, 20 mg sample, etc.); also, the re-
duction of a considerable amount of a Fe3* phase could help
in activating H, at lower temperatures. The small signals
between 400 and 650°C observed in the present samples
could be related to the presence of low amounts of other
Fe and Mo compounds as impurities, in agreement with the
XRD data. Note that the amounts of H, consumed in the
reduction of both the hydrate and the «-isomorph are sig-
nificantly higher than that of 8-FeMoO, (Table 2), suggest-
ing a higher content of Fe** impurities in the first two cases.
Otherwise, the present results show little, if any, differences
between a- and 8-FeMoO,, which could be the result, as in
the case of CoMoO,, of the reduction temperatures being
higher than those of the « — g transition.

Catalytic HDS Activity

Catalytic activity for the HDS of thiophene is reported as
pseudo-first-order rate constants for thiophene disappear-
ance (Fig. 4). Activity vs time plots were similar to those
shown elsewhere for the anhydrous Ni molybdates (14),
characterized by higher initial activities which decreased
to steady state values within the first 40 min. Figure 4a
shows the steady-state catalytic activities of samples pre-
sulfided in pure H,S. As reported previously (14), sulfided
B-NiMoO, showed higher HDS activity than the sulfided
a-isomorph. Analogous results were found for the «- and
B-phases of CoMoQO, and FeMoO, submitted to both pre-
sulfiding treatments (Figs. 4a and 4c), but after prereduc-
tion differences between the activities of either anhydrous
phase were almost negligible (Fig. 4b). Interestingly, the ac-
tivities of NiMoO, - H,O and CoMoO, - H,O were higher
than those of the corresponding anhydrous phases regard-
less of the pretreatment employed (Fig. 4). This is not the
case for the ferrous molybdates; only for the reducing pre-
treatment (Fig. 4b) the activity of the hydrated phase was
higher than those of the anhydrous polymorphs.

In general, the activities of Ni-containing catalysts were
higher than those of the Co or Fe systems. This result
is consistent with previous reports, e.g., those of Takhur
et al. (31). Surprisingly, the HDS activity of g-FeMoQOy, is
similar to that of -CoMoQ,. Although Fe-Mo catalysts
have been shown to render higher HDS activity than those
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with only Mo, they are generally reported to be less active
than Co—Mo and Ni—Mo catalysts (31). Most cases where
these synergistic effects are found for Fe-Mo involve direct
preparation of the active sulfides, e.g., by coprecipitation
from salts of Fe and Mo in the presence of sulfur compounds

(eg., 31).

Characterization of Sulfided Samples

Several sulfided samples were submitted to TPR and
XRD measurements and analyzed for sulfur contents. The
TPR patterns of NiMo samples sulfided in pure H,S at
400°C (Fig. 5A) present a structured signal centered be-
tween 315 and 350°C, corresponding to labile sulfur (Sy)
(32); Hy consumption is completed at about 550°C, and
no additional TPR peaks are seen up to 900°C. Table 3
shows that sulfur contents in freshly sulfided samples are
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NiMoO, - nH;0; (B) CoMoO, - nH,0; (a) hydrated phases; (b) «-phases;
(c) B-phases.

slightly above the “NiMoS,” stoichiometry (calculated S
content for “NiMo0S,,” 45.34 wt%), while samples treated
with H; at 400°C for 1 h after sulfiding tend to the com-
position corresponding to the thermodynamically stable
compounds (in HDS reaction conditions) NisS; + MoS;
(35.62 wt% theoretical S content). These results confirm
our previous estimations based on quantitative TPR (14).
Gachet et al. (33) also reported S/(Mo + Ni) ratios up to
2.1 for freshly prepared, unsupported Ni-Mo sulfided cat-
alysts. After HDS reactions, those ratios decreased to the
value corresponding to the mixture of Ni3S; + MoS,. XRD
patterns of the present NiMo samples were similar to those
reported elsewhere (14), suggesting very amorphous sulfide
structures.

The CoMo compounds present TPR patterns consisting
of two broad signals (Fig. 5B). The low-temperature peaks,
between 320 and 326°C, agree with those found for sulfided
NiMo (Fig. 5A) and also for silica-supported, Ni-Co—Mo-
sulfided samples (34) and are assigned to Sy, labile sulfur.
On the other hand, the high-temperature peaks (at 660-
690°C) are at temperatures too high to be assigned to S,.

TABLE 3
Sulfur Contents of NiMo and CoMo Samples

Sulfur content/wt%

Sample Freshly sulfided? Postreduced®
NiMoO, - H,O 46.8 35.9
a-NiMoO, 46.3 36.8
B-NiMoO, 459 37.3
CoMo0Oy - H,O 43.1 35.8
a-CoMoO, 44.8 36.2
B-CoMoO, 42.6 34.1

2 Sulfided in pure H,S at 400°C for 1 h.
b Sulfided in pure H,S at 400°C for 1 h and reduced in H; at 400°C for
1h.



HDS ACTIVITY OF DIVALENT MOLYBDATES OF Fe, Co, AND Ni

Both bulk CogSg (32) and amorphous MoO; of small par-
ticle size (35) show TPR peaks in the same temperature
region. XRD patterns of the sulfided CoMo samples (not
shown) present small peaks at 20 =26.1 and 37.2° (d =3.41
and 2.42), characteristic of MoO, (JCPDS card No. 5-452),
while no peaks of sulfide species distinct from MoS; are
seen. In consequence, the TPR peaks at 660-690°C are as-
signed, at least in part, to MoO; highly dispersed in the sul-
fide matrix. This MoO, component can account for the low
sulfur contents compared to the calculated stoichiometries
for “CoMoS,” (45.30 wt% S, compare with freshly sulfided
samplesin Table 3) or CogSg + M0S; (37.43wt% S, compare
with sulfided samples postreduced at 400°C).

DISCUSSION

Oxidic and Reduced Catalytic Precursors

The characterization study of the oxidic precursors con-
firms that the Ni and Co molybdate samples are the very
pure monohydrates and the «- and g-isomorphs. Iron seems
to be a more complex system, and the phase purity of the
a-FeMoO4sampleis notasgood as for the Co and Ni molyb-
dates or the 8-FeMoQO, isomorph. However, chemical anal-
ysis suggests that the impurities are other Fe and/or Mo
compounds, most probably in oxidic form. The hydrated
ferrous molybdate was particularly sensitive to prepara-
tional parameters. For example, prolonged aging (several
hours) in the synthesis reactor in contact with the mother
liquor, even under inert atmosphere, eventually resulted in
formation of ferrimolybdite, Fe,(M0QOy)3 - nH,0O, as shown
by the characteristic XRD trace (20). It could be assumed
that the impurities of the ferrous molybdate samples are
simple or mixed oxides of Fe and Mo, with a strong possi-
bility of Feo(MoO,); being present. In this regard, VVédrine
et al. (6) reported that mixed Co—-Fe?* molybdates always
contain a proportion of Fe>* ions, regardless of precautions
taken in the synthesis, and that ferric ions seem to stabilize
the a-phase.

The reducibilities vary strongly with the group VIII
metal. The TPR data indicate that the Ni molybdates are
reduced to the metallic state at <600°C, while the Co and
Fe compounds only reduce to the metal at about 800°C.
Temperatures as low as 250°C have been reported un-
der isothermal conditions for the reduction of hydrated
NiMoO, to the metallic state (36), while the anhydrous
phases can be reduced isothermally at 370°C (25); Tsurov
et al. (37) noted that reduction to the metals is thermody-
namically possible above about 350°C. On the other hand,
the cobalt molybdates show the formation of mixed lower
oxides by reduction at temperatures typically employed for
pretreatment and operation of HDS catalysts, e.g., at 400°C
(38). The iron molybdates are almost unreducible at sim-
ilar temperatures in the transient conditions of the TPR
experiments, as shown in this work and also by Zhang et al.
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(30), but long-time reduction at about 500°C proceeds to
Fe—Mo oxides with Mo oxidation state lower than +6 (29).
In both the Co and the Fe cases reduction to the metals
is hindered by the formation of stable intermediate oxides
(molybdite and spinel phases), which are not observed in
the NiMoO, system (25). Most probably, the different re-
ducibilities of the oxidic precursors should have an effect re-
garding the generation of the active species and their activ-
ity. In connection with the present results, it must be noted
that the stronger effect of the Ni promoter (compared to
Co) on the reducibility of Mo in alumina-supported cata-
lysts has been noted previously (39), which establishes a
clear difference in the supported catalysts as well as in
the unsupported molybdate phases between Ni and Co as
promoters.

It is important to lay stress on the fact that calcination
of the hydrated phases produces the g-isomorphs at rather
low temperatures. This fact, known for the Co (27) and Fe
(4) systems, was only recently reported for NiMoO, - H,O
(40); similar data have also been found using the present
NiMoO, - H,O sample in a high-temperature XRD study
(21). In the case of Fe, drying and calcination must be
performed in the absence of air. Even if this is accom-
plished, structural rearrangements during heat treatments
could be facilitated by the possibility of local redox cycles
(e.g., Fe*™ = Fe; Mo® = Mo®") in the presence of auto-
genous water. A consequence of such processes would be
the low surface areas of the ferrous molybdates compared
to the other two systems.

Catalytic Activity

The HDS activity of mixed Ni—Mo sulfides is higher than
those of the Co—Mo and Fe—Mo ones, in agreement with
previous reports (31). The higher reducibility of the Ni-Mo
oxides may be connected to this fact, ensuring that the Ni
molybdates are easier to sulfide than either of the other
two molybdate systems. Note particularly that preredution
followed by sulfiding of Ni-molybdates render higher HDS
activities than plain presulfiding with pure H,S, which is not
the case for the Co and Fe systems (Fig. 4). The difference
between those compounds that could explain the diverging
activity behavior in this case is that Co— (and Fe—) molyb-
date, under the preredution conditions employed in this
work, tend to produce lower oxides (molybdite and spinel,
main molybdenum species: Mo**) which should be more
difficult to sulfide than the original compound (41). On the
other hand, NiMoO, is potentially reducible to the metals
plus a minor amount of MoO,. Although the latter could be,
in principle, difficult to sulfide (except if it is very porous)
(35) the metals should be easily converted to the sulfides
(42).

In previous literature (10) CoMoO,4 was described as
a poor precursor compound for sulfides to be employed
as HDS catalysts. More recently, from thiophene HDS
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experiments carried out by means of a pulse technique,
Koranyi et al. (43) also stated that the behavior dur-
ing activation of unsupported catalysts containing mainly
CoMoO, was different from (much less active than) sup-
ported Co—Mo/Al,O3 and thus they neglected that this com-
pound could be the precursor of active sulfided species. It
should be noted that in both these studies the CoMoQO,
precursors were prereduced (but not sulfided) before reac-
tion. The present results suggest that active sulfided phases
can be obtained (with a proper sulfiding treatment) from
CoMoQy, especially from the g-isomorph, by preventing
extensive reduction prior to sulfidation.

Contrary to cobalt and nickel, iron is regarded as a poor
promoter of Mo-based hydrotreatment catalysts (11, 12).
Adachi et al. (44) have recently concluded that this is due
to the fact that, in the aqueous solutions employed during
the preparation of Fe-Mo-supported catalysts, iron exists as
ferricions: As the chemistry of Fe(ll1) is considerably more
complex than that of Fe(l1), Co(11) or Ni(ll), this would re-
sult in differences between the Fe-promoted catalysts and
the Co- or Ni-promoted ones that appear even in the oxi-
dic state (44). Our results show that the activity of Fe—-Mo
catalysts can be comparable to that of Co—Mo, provided
that iron is kept in the ferrous state during preparation and
pretreatments.

As previously found for NiMoO, the sulfided g-iso-
morphs of CoMoO, and FeMoO, are more active than the
corresponding « ones (even after allowing for the presence
of a significant amount of g-FeMoQOy, in our “a-FeMo00O,”
sample). This suggests that for the group V111 metal molyb-
dates, the tetrahedral coordination of Mo in the precursor
mixed oxides is beneficial to the HDS function of the sul-
fides. Several workers have reported similar results for Ni-
promoted catalysts: Pratt et al. (45) found an optimum HDS
activity in mixed unsupported Ni—Mo catalysts in the com-
position range 0.55 < Ni/(Ni + Mo) < 0.75; this is the com-
position range where a stable 8-NiMoO4/NiO solid solu-
tion exists in the precursor oxide (46). Teixeira da Silva
et al. (47) suggested that a bidimensional 8-NiMoQO, struc-
ture supported on alumina can be an optimum precursor
for NiMoS active phases. Damyanova et al. (48) reported
that HDS activity in Ni-Mo/TiO,—Al,O3 catalysts corre-
lates with spectroscopic results showing the presence of Mo
[Th] species in the catalyst precursor.

Laine and Pratt (49) showed previously that NiMoOy -
H,O produces a more active sulfided HDS catalyst than
a-NiMoOy. This fact is confirmed in the present work and
extended to the CoMo0O, system; also, it is noted that the
NiMoO, and CoMoO, hydrates render higher activities
than either anhydrous (« or 8) phase. On the other hand,
decomposition of the hydrated compound in the case of Fe
might generate a more crystalline material upon sulfiding
due to the possibility of changes in the oxidation state of
both metals (i.e., Fe?* = Fe**, Mo®" = Mo®") during ther-
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mal transformations in the presence of evolved water. Such
half-cell reactions show a favorable electrode potential in
the presence of water for Mo reduction and Fe oxidation
(30). Thus, the hydrated Fe—Mo catalyst presents lower ac-
tivity than anhydrous g-FeMoO, regardless of the sulfiding
procedure, while the corresponding hydrates of Ni and Co
are better as precursors than the anhydrous phases.

The formation of a B-AMo0O, phase from Ni- and Co-
hydrated molybdates at low temperatures during the pre-
treatment could be the main reason for the enhanced ac-
tivity observed for those precursor phases. In the case of
Ni, the «-sample produced at 550°C showed higher surface
areas than that resulting from the standard calcination at
760°C (Table 1). It may be inferred that dehydration at a
lower temperature (400°C) would produce a still higher sur-
face area. On the other hand, if the tetrahedral environment
of Mo is important in producing more active catalysts, it
should be noted that the coordination of Mo in the hydrates
is likely to be tetrahedral, as in the g-phases. Grimblot et al.
(50) showed by Raman spectroscopy that coprecipitated
Ni—Mo dried (uncalcined) samples show signals character-
istic of Mo [Th]. The present FTIR spectra of the hydrates
are consistent with that observation, as the four character-
istic Mo—O signals observed in the B-isomorphs between
600 and 1000 cm~* are also present in the hydrates; on the
other hand, the band at 620 cm™?, characteristic of Mo in oc-
tahedral environment (Fig. 2B), is absent in both hydrated
and g-phases (Figs. 2A and 2C, respectively). Finally, DTA
measurements showed no thermal effects during the de-
hydration of NiMoO, - H,O to the 8-phase, while they are
clearly observed upon a—pg interconversion (51), which sug-
gests that there is not a change in the coordination of Mo
in the transition from the hydrates to the g-phases.

The reasons for the higher activity of sulfides derived
from the g-phases are uncertain at this time. It has been
shown that sulfiding of bulk Mo oxides and of supported,
promoted, or unpromoted Mo-based catalysts proceeds by
exchange of S for O rather than by reduction and nucleation
of a new sulfide phase (42). This suggests that the original
structure of the oxidic precursor may have a strong influ-
ence on that of the active sulfide phase; this is also in line
with observations indicating that the oxidic precursor and
active sulfided structures may be reversibly reproduced dur-
ing activation-regeneration cycles in supported catalysts
(2, 47, 52). In general, Mo [Th] species in Mo/Al,Oj3 cat-
alysts are difficult to sulfide (42) or reduce (53). In conse-
guence, most workers have assigned the HDS activity to
Mo [Oh] sites in the precursor oxides. However, the rather
unreactive Mo [Th] sites in unpromoted alumina-supported
catalysts are known to be due to Al,(MoOy)s-like surface
compounds (53). It is conceivable that supported Mo ions
in tetrahedral coordination, associated to the promoters in
a stabilized g-molybdate-like phase, could be efficient pre-
cursors for HDS active sites.
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CONCLUSIONS

From the results discussed above, the following conclu-
sions can be drawn:

(i) Ni—Mo oxidic precursors produce more active HDS
sulfided catalysts than the Co—Mo and Fe—-Mo compounds,
probably because the former can be potentially reduced to
the metallic state at lower temperatures, instead of being
reduced to lower mixed oxides—more difficult to sulfide—
as in the other two cases.

(i) The higher activities of sulfides derived from the
B-phases, compared with the o ones, seems to be a gen-
eral characteristic of the three group VIII molybdates. It
should be related to the coordination of Mo in the oxidic
precursors, which is the main difference between both poly-
morphs.

(iii) The hydrated molybdates of Ni and Co are very
good precursors for HDS-sulfided catalysts, probably be-
cause they render active phases with better textural proper-
ties (higher surface area and/or lower crystallinity). The hy-
drated ferrous molybdate is not a good precursor for HDS
catalysts, which may be due to the possibility of local red-ox
processes during activation which can lead to sintering of
the sulfided compounds.

(iv) Iron can be an efficient promoter for HDS catalysts,
provided that it is kept in the ferrous state during prepara-
tion and activation of the catalysts.
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