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MIXED IMPREGNATED THIOSALT DECOMPOSITION CATALYSTS
CHARACTERIZED BY X-RAY DIFFRACTION
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We used the impregnated thiosalt decomposition method (ITD) to prepare catalysts of
molybdenum sulfide promoted with cobalt in atomic ratios (» = Co/(Co + Mo)) ranging from
0.0 to 1.0. Measurements obtained by X-ray diffraction (XRD) show the presence of the
MoS,-2H phase in all mixed samples, and segregation of cobalt in two phases: Co,Sy, for
r=0.3, and CoS, 35, for 0.3 <r <0.5.
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1. Introduction

Transition metal sulfides are very important in catalytic processes and they
have been used for many years for processing of fuel in a variety of reactions
[1-4], among them, hydrodesulfurization (HDS). There are several methods to
prepare mixed-sulfide catalysts: sulfidation of coprecipitated oxides [5,6], com-
aceration [7,8], homogeneous sulfide precipitation (HSP) [9,10], synthesis of
unsupported catalysts using a ceramic method [11], or impregnated thiosalt
decomposition (ITD) [12]. These different methods have been developed because
promoted sulfide catalysts are complex and their catalytic properties are very
dependent on the preparation method [9].

In this work we measured by using XRD the different crystallographic phases
present in mixed cobalt-molybdenum disulfide catalysts prepared by ITD for
various concentrations of cobalt.
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2. Experimental procedure

A set of samples of molybdenum sulfide and mixtures of molybdenum sulfide
promoted with cobalt in atomic ratios r = Co/(Co + Mo) of 0.0, 0.3, 0.5 and 0.7
were prepared according to the recently developed method of impregnated
thiosalt decomposition (ITD) [12]. The pure cobalt sulfide sample was prepared
by the homogeneous sulfide precipitation (HSP) method [9,10].

The procedure for preparing catalysts with the ITD method consists of two
parts, and is summarized as follows.

(a) preparation of precursors (pure molybdenum sulfide and mixtures). The
pure molybdenum sulfide precursor (ammonium tetrathiomolybdate, (NH,),
MoS,), is prepared by flowing hydrogen sulfide gas (H,S) for 30 minutes in an
aqueous solution of ammonium heptamolybdate, (NH,),Mo,0,,, and am-
monium hydroxide, after which crystallites of (NH,),MoS, are formed [13].
Finally, this solution is filtered and the crystals are dried. In order to avoid
oxidation, the crystals are placed in sealed flasks in an atmosphere of dry
nitrogen.,

The preparation of the mixed precursors involves the reaction of the inter-
mediate (NH,),MoS,, which acts as the support and is slightly soluble in
acetone. An acetone solution, the impregnating agent, containing the appropriate
salt, Co(NO,),, is then added dropwise to the (NH,),MoS, crystals suspended in
this solvent. It is stirred at 313 K for 5 hours adding solvent as necessary until the
treatment is complete.

(b) decomposition of these precursors. The precursors are subsequently decom-
posed by sulfiding in a mixture of 15% vol H,S in H, for 4 hours at 673 K.

All catalysts used in this work were bulk (unsupported) catalysts.

X-Ray Diffraction (XRD) patterns shown in fig. 1 were obtained with a Philips
diffractometer (Cu Kea radiation, A = 0.154 nm), and those shown in fig. 2, with
a Siemens diffractometer (Mo Ka radiation, A = 0.071 nm).

3. Results

In fig. 1 we present the XRD patterns of (a) the (NH,),MoS, precursor, and
(b) the pure molybdenum sulfide catalyst (r = 0.0). Curve (a) shows an X-ray
diffractogram with sharp peaks, and the reflections (011), (111), (200), (020) and
(022) of the (NH,),MoS, phase (orthorhombic system, space group Pnma,
a=00957 nm, b=0.699 nm, ¢=1.221 nm) are identified in this sample [14]. In
contrast, curve (b) shows broad peaks, and the reflections (002), (101), (103) and
(110) corresponding to the MoS,-2H phase are identified. The broad peaks in
curve (b) indicate either poor crystallinity or very small crystallite size.

Fig. 2 a—d shows, the XRD patterns for r = 0.3, 0.5, 0.7, and 1.0, respectively.
Curves (a), (b) and (c) show (similarly to fig. 1(b)), the reflections (002), (101),
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Fig. 1. XRD patterns (Cu Ka, A =0.154 nm) of (a) the (NH,),MoS, precursor, and (b) the pure
molybdenum suifide catalyst.
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Fig. 2. XRD patterns (Mo Ka, A = 0.071 nm) of the different samples for r values [r = Co/(Co+
Mo)] of (a) 0.3, (b) 0.5, (c) 0.7 and (d) 1.0.
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Table 1
X-ray reflections and the corresponding phases for the various ITD catalyst samples.
Fig. Curve r = Co/(Co+Mo) Phase Main reflections observed
1 a 0.0 (NH,),MoS, (011), (111), (200), (020), (022)
1 b 0.0 MoS,-2H (002), (101), (103), (110)
2 a 0.3 MoS,-2H (002), (101), (103), (110)
CoySg (311), (333), (440), (844)
CoS, o35 (100), (101), (102), (110)
2 b 0.5 MoS,-2H (002), (101), (103), (110)
CoySg (311), (333), (440), (844)
CoS, o35 (100), (101), (102), (110)
2 C 0.7 MoS,-2H (002), (101), (103), (110)
Co,S,q (311), (222), (331), (333), (440),
(553), (844)
2 d 1.0 CoySg (311), (222), (400), (331), (333),

(440), (553), (800), (844)

(103) and (110) that correspond to the MoS,-2H phase, indicating that this phase
is present in these catalysts for r values up to 0.7. Curve (d) shows the reflections
(311), (222), (400), (331), (333), (440), (553), (800) and (844) corresponding to the
Co,yS; phase [14]. The peaks are sharp indicating good crystallinity of the cobalt
sulfide (r = 1) catalyst. Curves (b) and (c) exhibit also some of these reflections of
the Co,S; phase. Finally, curves (a) and (b) show also some weak reflections that
could be associated to the CoS, ;s phase (hexagonal system, space group
P6,/mmc, a=0.3384 nm, ¢ = 0.5196 nm [14]), these are (100), (101), (102), and
(110). This indicates the presence of this phase for r values between 0.3 and 0.5.

In table 1, a list of the reflections and the corresponding phases for all samples
is presented.

4. Discussion

It is known that the catalytic activities of CoMo sulfided catalysts are strongly
dependent on the method of preparation [15]. In a previous work, it was reported
that the intrinsic activities of mixed sulfide catalysts obtained by the I'TD method
are higher than those measured on catalysts prepared by precipitation [12]. The
characterization of both types of catalysts using electron microscopy, X-ray
diffraction and Auger spectroscopy revealed marked differences in morphology,
crystallinity and cobalt concentration at the surface [16]. From these results, the
better catalytic properties of ITD samples were explained through an increased
dispersion of cobalt onto the surface of MoS, catalysts, whereas the lower activity
of HSP samples was explained by the segregation of cobalt to form Co,Ss.

Taking into account these results, it is clear that the two preparation methods
lead to different precursors and catalysts for all the atomic ratios studied.



J. Cruz-Reyes et al. / Impregnated thiosalt decomposition catalysts 391

Therefore, it is interesting to make a comparison of the crystalline structure
involved in both types of catalysts.

A previous study of HSP samples [17] showed the presence of the crystalline
phases MoS,-2H, Co,S; and CoS, o35. The CoS, (55 appeared in the composition
range of 0.3 = r «0.5 and was the only phase detected in the sample showing the
highest catalytic activity.

In this work, for all the samples for which r < 0.7 the XRD results show the
characteristic reflections of MoS,-2H, as broad bands. Other measurements by
Chianelli [18] for » = 0.0 on HSP catalysts show similar “peaks”. These broad
reflections are indicative of poor crystallinity [23]. In our samples, the MoS,-2H
phase is present at higher values of r, as compared to the usual HSP method,
where the reflections of the MoS,-2H phase disappear at much lower values of r
[9,17]. This is most likely due to the fact that the core of the crystals prepared by
ITD remains as MoS, even for high concentrations of Co.

We can also observe that Co,S, reflections start to show up for r > 0.5. This
phase was found by Phillips and Fote [19], and has been detected by other
workers [2,17,21,22]. Thermodynamic calculations show that the stable phase in
the conditions of the HDS reaction is Co,Sg, which has a cubic structure, whereas
the hexagonal phase, CoS,, , is formed at higher temperature under high
H,S/H, ratio [2].

The reflections of the CoS, ,,5 phase appear for intermediate values of r. The
peaks are noticeable and appear for 0.3 < < 0.5. The phase CoS, 4, (hexagonal
system, space group P6,/mmc a=1.01 nm, ¢ = 1.548 nm [14]) has reflections
very close to the CoS, ;5 ones, and it is very difficult to distinguish between
them. Although we might have contributions from both phases, the relative
intensities of the diffraction peaks favor the CoS, ;s phase. If the phase was
CoS, oo; we would expect a relatively large peak (606) at 32.3 degrees. On the
other hand, the expected peak at that position for the CoS, ;5 (202) should be
much smaller, which seems to agree more with the experimental data in fig. 2.

This intermediate phase has been detected in other more traditional methods
of preparation. The first ones were Hagenbach et al. [7] who found the phase
CoS, 35 for r>0.2 on crystallized samples prepared by comaceration, that
consists of co-digesting MoO, and Co,0, in ammonium sulfide, treating in a
mixture of H,S and Ar, evacuating, and finally heat treating under Ar at 1000°C
for 4 hours. Also, on supported and unsupported catalysts prepared by HSP,
Topsee et al. [20] using Mdssbauer spectroscopy identified this and other cobalt
sulfide phases. More recently, Gobolos et al. [21] identified by Mossbauer
spectroscopy several phases of cobalt sulfide: Co,S;, CoS, . ,, Co-Mo-S and two
unidentified phases, where the relative concentrations depended on the prepara-
tion conditions.

In fig. 2 we can observe that the 002 peak is visible up to » = 0.7. On the other
hand, the same peak dissappears at about r = 0.3 when the catalysts are prepared
by the HSP method [24]. This indicates that the MoS, crystals are smaller and /or
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Table 2

Crystallographic phases and r values [r = Co/(Co + Mo)] for ITD and HSP catalyst samples.
MoS,-2H CoySg CoS, o35

ITD (this work) r<0.7 r=05 03<r<05

HSP [22] r=<03 r=03 02<r<07

more amorphous in the latter case. Also the ITD method produces crystals with a
longer lasting MoS, core, since the impregnation method involves diffusion of Co
from the surface towards the center of the crystal, as mentioned above.

The comparison of both types of catalysts, for the entire range of composition,
is shown in table 2. This table clearly shows that three crystalline phases are
involved in mixed CoMo sulfided catalysts, MoS,-2H, Co,S; and CoS, 455. How-
ever, the relative amounts of these phases indicated by the intensity of the
diffracted peaks varies with the method of preparation. In general, ITD catalysts
appear more “poorly crystalline” than HSP catalysts.

In the case of ITD samples involved in this work, it is suggested that the
presence of the poorly crystalline MoS, phase even at high cobalt concentration
allows a better dispersion of atomic cobalt on the surface and therefore increases
the catalytic activity. Further studies are needed in order to elucidate the relative
contributions of the Co,S;, CoS, ;s and/or CoS, 4, phases to the catalytic
activity.

5. Conclusions

From the results of XRD measurements we can conclude that catalysts
prepared with the ITD method present the MoS,-2H phase for r < 0.7, and the
segregation of cobalt in two different phases: Co,S; for » > 0.3 and CoS, ;5 for
0.3=<r<05.
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