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ABSTRACT

Unsupported MMo-sulfide catalysts (M =Fe,Co,Ni) and their pre-
cursors were studied by temperature-programmed reactions (decompo-
sition, sulfuration, oxidation, reduction) and by adsorption and
thermodesorption of NO. Differential thermal analysis of sulfurati-
on of the precursors and subseqguent oxidation of the sulfided samp-
les can be used for detecting "M-Mo-S" mixed sulfide structure in
the catalysts. The amount of NO adsorbed on M atoms, the onset tem-
perature of oxidation and the reducibility of the catalysts corre~
lated with their activity in the hydrodesulfurization of thiophene.

INTRODUCTION

In the last decade differential thermal analysis (DTA) (1) or
GC-MS analysis (2) of temperature-programmed (TP) reactions (reduc-
tion, sulfuration) and desorption of chemisorbed H2 (3) provided
useful information about structural and surface properties of both
unsupported and supported MoSz—based hydrodesulfurization (HDS)
catalysts. In this work TP reactions (decomposition, sulfuration,
oxidation, reduction) and desorption of preadsorbed NO were used to
characterize the dispersion and state of Group VIII metal atoms in
unsupported CoMo-, FeMo- and NiMo-sulfide HDS catalysts. Correlati-
ons between physico-chemical properties and HDS activity of the ca=-
talysts will be also evaluated.
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EXPERIMENTAL

CoMo-sulfide catalyst precursors with atomic ratios r=Co/(CotMp)=
= 0, 0.1 and 0.3 were prepared by the comaceration (CM) method (4),
in which Moo3 andCo304 were added to a 20 % solution of (NH4)2S.
CoMo-sulfide precursors with r=0, 0.1, 0.3, 0.5, 0.84 and 1 were
also prepared by the homogeneous sulfide precipitation (HSP) method
(5), in which a mixed solution of ammonium heptamolybdate (AHM) and
Co(NCh)z.GHZO was added to a dilute soluticn of (NH4)ZS. A NiMo-
~sulfide precursor with r =0.3 was prepared by the HSP method using
Ni(N03)2.6H20 and AHM as precursor compounds., A FeMo-sulfide pre-
cursor with r =0.3 was prepared by the coprecipitation (CP) method
(6), in which a solution of Fe(N03)3
of ammonium thiomolybdate (ATM). The precipitation and subsequent

.9H20 was added to a solution

evaporation of the slurries were carried out under Ar at 343 K. De-
tails of the preparations are described elsewhere (6,7). Samples
will be dubbed in terms of the metal(s) present, followed by the
method of preparation and r (e.g. CoMo~CM-0.3). In addition, two
samples referred as Mo/CoS~0.82 and Mo/C0988-0.82 {(r=0.82) were
prepared by impregnating cobalt sulfides with solutions of ATM.

TP measurements were performed at atmospheric pressure by hea~
ting samples at a rate of 0.17 K.s | from 273 to 773 K. DTA of de-
composition (TPDE) under Ar or reductive-sulfuration (TPS) under
15% HZS-—H2 of the precursors and subsequent oxidation {TPO) in air
of samples obtained after such treatments were studied in a glass
apparatus (7). Prior to reduction (TPR), NO adsorption and HDS ac~
tivity test catalyst precursors were treated in 15 % H,S-H, and
then in Ar at 673 K for 4 and 1 h, respectively. TPR experiments
were performed in Hy, and the amount of H,8 released was measured
by a thermal-conductivity detector (TCD). The adsorption and desorp-
tion (TPD) of NO were carried out in flowing He using a TCD. The up-
take of NO was measured by dynamic method at 293 K using a 5% NO-He
mixture. The activity of the catalysts was tested in the HDS of
thiophene at 573 K (8).

RESULTS AND DISCUSSION

In the DTA curves of catalyst precursors the endothermic effect
around 400 K is due to the decomposition of ATM and ammonium oxo-
thiomolybdates (AOTM), formed in the precursor slurries, to Moos2
and Mos3 (3) (Fig. 1.a.). The large exothermic peak around 445 K is
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due to the decomposition of NH4N03 originated from Group VIII metal
nitrate (7). The exothermic effects observed above 500 K, appearing
at lower temperature for ATM than for AOTM (9), are due to the
transformation of Mo~containing species to Mos, (7, 9).The position
and intensities of these peaks, in both TPDE and TPS, for precur-
sors with r=0 indicate that less ATM is formed in the HSP than in
the CM preparation. In TPS, i.e. in the presence of H2 the high
temperature exothermic peak of DTA curves shifted towards lower
temperatures. The position of this peak is the same for both CM
precursors, indicating that Co do not affect the reduction of Mo
species is sample CoMo~CM~0.3. This is due to the biphasic nature
of bimetallic CM catalysts. Indeed, separate C°9Sa and M052
also detected by X-ray diffraction in the sulfided catalysts (8).
In TPS of HPS and CP precursors the high temperature exothermic
peak shifted towards lower temperatures by 50-70 K for samples with
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Fig. 1. DTA curves of TPDE and TPS of catalysts precursors (a),
and subsequent TPO of heat treated samples (b): CoMo-CM:
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r=0.3. This indicates that in these precursors the transformation
of Mo-containing species to Mos2 is made easier by highly dispersed
promoter atoms. This can be attributed to the formation of easily
reducible precursor compounds of a mixed sulfide phase in the HSP
and CP preparations (7).

The broad exothermic peaks in DTA curves of TPO indicate that the
oxidation of samples obtained after TPDE or TPS proceeds through se-
veral steps (Fig.1.b). The exothermic effect starting around 450 K
may be assigned to the oxidation of elemental S into SOZ’ which re-
action can "catalyze" the oxidation of MoS2 in the Ar-treated samp-
les (7). The small exothermic peak around 670 K in TPO of Ar-treated
FeMo-CP-0.3 sample is due to oxidation of separate Fesx. The onset
temperature of oxidation (TO) of Ar-treated samples is lower by 140-
-160 K than that of HZS-HZ treated ones. Both samples with r=0 start
to oxidize at 455 and 600 K, respectively, after TPDE and TPS. Due
to biphasic nature of CM type catalysts, Co atoms in sample CoMo-
-CM-0.3 do not affect the oxidation of MOSZ' In contrast, after
reaction of bimetallic HSP and CP precursors in HZS_HZ’ the T0 of
Mos2 shifted towards higher temperatures. The largest effect was ob-
tained with Ni the lowest with Fe. Since the oxidation of MoS2 pro-
ceeds from the edges of slabs, the increase in To can be explained
by the presence of M atoms in the "M-Mo-S" structure (5) on the
edges of MoS2 salbs (7, 8). Co atoms in the "Co-Mo-S" structure
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Fig. 2. TPR curves of unsupported Mosz—based HDS catalysts.

Fig. 3. Correlation between HDS activity of the catalysts and the
amount of st released in TPR, or To: x Mo-HSP-0.0, e FeMo-CP-0O,3.
g CoMo-CM-0.3, m CoMo-HSP-0O.3, A NiMo-HSP-0.3.
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were also detected by Mdssbauer spectroscopy in catalyst CoMo-HSP-
~0.3 ( 8).

The main characteristics of TPR curves, shown in Fig.2., are two-
fold: a small peak appears between 450-550 K for MoS, and biphasic
catalysts (FeMo-CP-0.3, CoMo-CM-0.3), and a large one appears with
a maximum around 700 K for catalysts CoMo-HSP-0.3 and NiMO-HSP~0.3,
containing promoter atoms in the "M-Mo-S" structure. This indicates
that the reduction of’MoS2 is facilitated by promoter atoms dis-
persed on the edges of slabs. The amount of st released in TPR in-
creased in the following order: Mo-HSP-0,0 < FeMo~CP-0.3 = CoMo-CM~
-0.3 < CoMo~HSP-0.3 < NiMoHSP-0.3 (Fig. 3.).

Curves in Fig. 3. show that the higher the amount of HZS relea-
sed in TPR, the higher are T, and the HDS activity of the catalysts
This means that both HDS activity and To correlate with the reduci-
bility of catalysts, i.e. with the ease of formation of sulfur an-
ion vacancies (8).

The amount of NO adsorbed on the catalysts increases in the seg-
uence: Mo-HSP «CoMo-sulfides<« Co~HSP~1,0.(Fig. 4.). Neither the
method of preparation, nor the surface composition ratio, in the
range rs==0.25-0.75 (measured by X-ray photoelectron spectroscopy
(8)), affect the amount of NO adsorbed on different CoMo-sulfide
catalysts. This may indicate that the distribution of Co atoms
among different phases (Co-Mo-S, CoS, Cogss) and/or their acces~
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Fig. 4. The amount of NO adsorbed on CoMo-sulfide catalysts in the
function of the surface composition ratio.
Fig. 5. TPD curves of NO preadsorbed on different sulfide catalysts.
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sibility in the topmost layer changes with r value of catalysts.

It is noteworthy, that the following cbrrelation between the amo-
unt of NO adsorbed on Co (NOCO) (calculated from data in Fig. 4.)
and the HDS activity (A) of CoMo sulfide catalysts has been found:
A(1078 257" =0.8+1.0 No, (1078 mol.m™?) (rs50.5).

The unresolved TPD curves of NO are due to the poor crystallinity

mol.m

of samples (8) (Fig. 5.). Characteristic spectrum of sample Co-HSP-
-1.0 enables us to detect Co-atoms in Cogs8 on the surface of cata-
lysts. Comparison between spectra suggests that separate Cogsg phase
of catalyst CoMo-CM-0.3 is mostly covered by Mosz, and the state of
surface Co atoms in sample CoMo-HSP~0.3 and Mo/CoS-0.82 is similar.
Adsorption and TPD results suggest,. that the strength of NO ad-
sorption increases as follows: Mo-HSP-0.0 < Co-HSP-1.0 <¥0/C0988-
-0.82 < CoMo-CM-0.3 = CoMo-HSP-0.3 < Mo/Co0S5-0.82.

CONCLUSIONS

DTA of TPS of precursors and subsequent TPO of unsupported MMo-
sulfide (M=Fe,Co,Ni) HDS catalysts is a suitable test for detecting
"M-Mo-S" structure. TPD of NO characterize the state of M atoms in
the catalysts. The onset temperature of oxidation and the reduci-
bility of the catalysts correlate with their HDS activity.
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