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The in situ decomposition of ammonium thiometallates during the hydrodesulfurization (HDS) of dibenzothiophene (DBT), to obtain

molybdenum disulfide and tungsten disulfide catalysts, was investigated.
Mechanica uniaxial pressing of the precursors (ammonium thiometallates) affected

DBT were obtained by in situ decomposition.

It was found that very efficient catalysts for the HDS of

both textural and catalytic properties of the catalysts. Surface areas of molybdenum and tungsten disulfides increased as a function
of uniaxial pressing, while catalytic activities went through a maximum. For MoS,, the hydrogenation selectivity was much higher
for in situ catalysts than for ex situ ones. For WS, catalysts, the hydrogenation selectivity was less sensitive to the condition of
decomposition (ex situ/in situ). The surface SM (M = Mo, W) atomic ratio from the Auger signal decreased as a function of uniaxia
pressing, while the C/M ratio remained almost constant at 1.6. The best catalyst showed an experimenta S/Mo ratio that is dlightly
higher than the stoichiometric value. The effect of in situ decomposition and mechanical deformation of thiometallate precursors is

discussed.
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1. Introduction

Unsupported HDS catalysts are prepared by several
methods, including comaceration [1], homogeneous sulfide
precipitation [2] and thiosalt decomposition [3]. The last
one has been widely used in preparing molybdenum and
tungsten disulfide catalysts for hydrotreating processes [4].
The catalytic properties of catalysts obtained by this method
are reported to depend strongly on the atmosphere, as
well as heating conditions, used during the decomposition
process [3]. Large variations of surface area have been
observed for MoS, and WS, catalysts, from a few sgquare
meters to several hundred square meters, depending on the
conditions for decomposition [5,6].

The intrinsic rates of HDS for unpromoted catalysts ob-
tained by thiosalt decomposition are comparable to those
of catalysts prepared by other methods. Cobalt-promoted
unsupported catalysts prepared from decomposition of
thiosalts have shown higher catalytic activities than cata-
lysts prepared by other means [7,8].

Thiosalt decomposition is interesting as a method for de-
signing better catalysts, since thiosalts have sulfur already
bound to the metal atomsin a tetrahedral coordination, and
decomposition is reported to be a topotactic reaction where
the c-axis of sulfide remains the same as in the precur-
sor [9].
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A method of in situ decomposition of ammonium
thiometallates reported by Naumann et a. [10], involv-
ing catalyst precursor salts along with sulfur-containing or-
ganic compounds in a hydrocarbon solution, pressurized
with hydrogen and heated to 623 K, yielded active metal
sulfides. MoS; catalysts with superior catalytic properties
for water—gas shift and methanation were obtained by us-
ing controlled conditions during in situ decomposition. The
cobalt- or nickel-promoted forms of the catalyst, obtained
under the same conditions, were also advantageous for cat-
alyzing hydrogenation or hydrotreating reactions[11]. Pec-
oraro et a. [12] have reported that catalysts prepared in this
way from ammonium thiomolybdate (ATM) or ammonium
thiotungstate (ATT) contained certain amounts of carbon,
corresponding with the general formula MS,_,C., where
M=MoorW,001<y<05and0.01< z<30. The
role of carbon in the design of these HDS catalysts is not
fully understood.

To further the study of the in situ activation method, the
present work reports the microstructure and textural charac-
terization, along with catalytic activity and selectivity mea-
surements, of ex situ and in situ prepared molybdenum and
tungsten disulfide catalysts derived from ATM and ATT
precursors, respectively. The effect of uniaxial pressing
of precursors on the structure, composition, and catalytic
properties is also investigated.
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2. Experimental
2.1. Precursor preparation

The ATM and ATT crystals were synthesized according
to a reported method [6]. ATM and ATT salts used as cat-
alyst precursors were prepared in both powder and pressed
forms. The powder forms of the precursors are the thiosalts
without uniaxial mechanical pressing. The pressed forms
were obtained by uniaxial pressing of the thiosalts to 350
or 700 MPa for 5 min in a stainless steel die. Samples
were identified as ATM (or ATT)-P, ATM-350 and ATM-
700, respectively. The pressed precursors were crushed in
a mortar before placing them inside the reactor.

Ex situ catalysts were decomposed at 673 K, inaH>S/H;
15% (v/v) mix flowing at a rate of 40 ml/min during 4 h.

2.2. Sandard deviation calculations
The mean standard deviations for all experimental data

were calculated for three independent experiments [13] by
means of the equation

=[SO

where o is the standard deviation, z is the data, and n is
the number of samples analyzed.

2.3. Catalytic activity

The HDS of DBT has been extensively studied as a
model of hydrodesulfurization of petroleum feedstocks, be-
cause DBT is very difficult to desulfurize even under deep
HDS conditions [14]. Most studies are performed in pres-
surized flow reactors. However, in some cases, batch re-
actors with static atmosphere may be useful to compare
catalysts formed in situ during reaction conditions. An-
other advantage of batch reactorsis that useful information
on the selectivity for hydrogenation may also be obtained
by following the composition of the reaction mixture as a
function of time.

The HDS of DBT was carried out in a Parr model 4522
high-pressure batch reactor. The catalyst precursor (2.0 g),
along with the dissolved reagent (5 vol% of DBT in deca-
line), was placed in the reactor, then pressurized to 3.1 MPa
with hydrogen and heated to 623 K at a rate of 10 K/min.
After the working temperature was reached, sampling for
chromatographic analysis was performed during the course
of each run to determine conversion versus time depen-
dence. Reaction runs averaged about 6 h. The reaction
products were analyzed using a Varian 350 gas chromato-
graph with a2.0 m long, 1/8 inch packed column contain-
ing OV-17 as separating phase.

Selectivity for a given product was calculated as the
weight percentage of the product in the product mixture.
There are four main products from the HDS reaction of
DBT, namely, biphenyl (BIP), phenylcyclohexane (PCH),

dicyclohexane (DCH) and benzene (BEN). In this case,
the variation of selectivity for the main reaction prod-
ucts (biphenyl, phenylcyclohexane, dicyclohexane and ben-
zene) is analyzed for MoS, and WS, catalysts subjected to
changes in preparation conditions. The mean standard de-
viation for catalytic measurements was +3%.

2.4. Catalyst characterization

Characterization of catalysts was performed on samples
obtained after the catalytic tests. The samples were sepa-
rated from the reaction mixture by filtration, washed with
isopropanol to remove residual hydrocarbons and dried un-
der vacuum before analysis. Catalyst morphol ogy was stud-
ied with a Jeol 5300 scanning electron microscope. Sam-
ples were set on the sample holder using graphite paint.
Severd fields were analyzed at different magnifications to
recognize the prevalent features.

The surface composition of the catalysts was measured
with a Perkin-Elmer PHI 595 scanning Auger electron spec-
trometer, where molybdenum MNN, tungsten NVV, sul-
fur LVV and carbon KLL Auger transitions, with energies
of 186, 179, 152 and 272 eV, respectively, were measured.
From these results, relative atomic ratios for molybdenum,
tungsten, sulfur, carbon and oxygen at the surface were cal-
culated for al samples. The mean standard deviation of the
Auger peak intensities for M and C/M ratios were +3 and
+6%, respectively.

Specific BET surface areas were determined with a Mi-
cromeritics Gemini 2060 surface area analyzer, using ni-
trogen adsorption at 77 K. Samples were degassed under
flowing argon at 473 K for 2 h before nitrogen adsorption.
The mean standard deviation for surface area measurements
was +2%.

Differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) of thiosalts were made on a Stan-
ton Redcroft DTA-TGA model STA-80, under dry nitro-
gen flow, from 293 to 1073 K and with a heating rate of
10 K/min. The mean standard deviation for DTA-TGA
measurements was +2°C and +3% (w/w).

The X-ray diffraction (XRD) measurements of the result-
ing in situ catalysts were made in a Philips X’ Pert anal ytical
diffractometer, equipped with a curved graphite monochro-
mator, using Cu K, radiation.

3. Results
3.1. Surface area, catalytic activity and selectivity

The surface areas of the catalysts, after in situ decompo-
sition of their precursorsand HDS reaction, are summarized
in table 1. The surface area of MoS, catalysts tends to in-
crease dightly (up to 15%) as greater mechanical pressure
is applied to their precursors. In the case of WS,, sur-
face area increases for intermediate pressure (up to 68%),
and dlightly decreases for higher pressure. Molybdenum
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Table 1
Specific surface areas and initial rate constants for HDS of ex situ and in
situ prepared molybdenum sulfide and tungsten sulfide catalysts.

Sample Specific surface area k (specific)
(m/g) 10-% moal/l gs
ex situ ATM-P 5 34
ATM-P 74 45
ATM-350 80 51
ATM-700 85 4.4
ex situ ATT-P 49 27
ATT-P 47 40
ATT-350 79 46
ATT-700 73 32
Table 2
Products selectivity and HY D/HDS ratio of in situ and ex situ activated
samples.
Sample DCH (%) BIP (%) PCH (%) BEN (%) HYD/HDS
ex situ ATM-P 29 55 15 1 0.8
ATM-P 50 26 17 7 26
ATM-350 30 37 28 9 16
ATM-700 50 26 18 6 26
ex situ ATT-P 41 31 21 7 20
ATT-P 48 26 20 6 26
ATT-350 45 30 19 6 21
ATT-700 40 25 21 14 24

disulfide obtained by ex situ decomposition of ATM-P has
a very low surface area, while the surface area of ex situ
WS, catalyst is similar to the surface area of the in situ
ATT-P catalyst.

For both MoS, and WS, catalysts, the conversion of
DBT increased linearly with time, corresponding to an ap-
parent zero-order rate law under these conditions. As a
measure of catalytic activity, table 1 includes the initial
rate constants calculated from the slope of these plots and
assuming zero-order.

The HDS activity aong the series of samples follows
the same trend for the molybdenum and tungsten systems.
In situ catalysts show higher activities than ex situ ones,
and specific rate constants go through a maximum with the
amount of applied uniaxial pressure. While surface area is
increased to some extent by uniaxial pressing, it seems to
have no direct relationship with the catalytic activity.

The reaction followed two main paths, one that removes
the sulfur atom from DBT molecules (HDS path), and an-
other that hydrogenates aromatic rings (HYD path), with
some occasional cracking of BIP that yields BEN. Thus,
the ratio of product concentrations (PCH + DCH)/(BIP) is
taken as the HY D/HDS selectivity ratio.

Data of equilibrium selectivity after 6 h of reaction are
listed in table 2 for al samples. Distribution of products
depends strongly on applied pressure for MoS, catalysts,
while there is no such dependence for WS, catalysts. For
al but one of the precursors, DCH is the main product (up
to 50%, see table 2), with ATM-350 yielding BIP as the
main product.

For MoS,, the ex situ catalysts show lower HYD/HDS
ratios and lower cracking than the in situ catalysts. Uni-
axial pressing of MoS, precursors to 350 MPa severely
decreases the HY D/HDS ratio due to a relative increase of
BIP. Higher uniaxia pressing of the precursors leads to se-
lectivities comparable to those of the unpressed precursors.
For WS, catalysts, the same tendency is observed, although
less pronounced.

It should be noted that the ATM-350 in situ catalyst has
both the highest catalytic activity and the lowest HY D/HDS
ratio of all the catalysts tested (table 2).

3.2. X-ray diffraction

The XRD patterns of the in situ catalysts show several
very broad and low intensity peaks. Such patterns resemble
the poorly crystallized MoS; prepared at 673 K, discussed
by Liang et al. [15]. According to the diffraction patternin
figure 1, mechanical pressing of ATM decreases the (002)
peak in the resulting MoS; catalysts, while al other peaks
remain the same. The modeling study of Liang et a. [15]
produces similar patterns when it modifies the stacking of
MoS;, layers while preserving the internal crystalline or-
der, which suggests that mechanical pressing of precursors
may have the same effect. In contrast, no effect of uni-
axial pressing on the diffraction pattern of WS, catalysts
was observed, implying that the WS, derived from pressed
precursors retains its overal crystalline order.

3.3. Scanning electron microscopy

Scanning electron microscopy (SEM) is used to observe
any morphological variations in sample particles due to the
applied mechanical pressing. The SEM micrograph for

(002) (1) MoS, POWDER

(1 (2) MoS, 350MPa

INTENSITY (RELATIVE UNITS)

10 20 30 40 50 60
26 (DEGREES)

Figure 1. XRD patterns for MoS, catalysts prepared from (1) unpressed
and (2) 350 MPa pressed precursors.
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Figure 2. SEM micrograph of (a) as-synthesized ATM crystals, (b) MoS, catalyst particles, (c) a particle of pressed-derived catalyst ATM-350.

ATM in figure 2(a) is very similar to that of ATT. As
synthesized ATM and ATT consist of brick-shaped elon-
gated crystals, 100500 um in length; the crystals break
during pressing to form pellets. All the samples after the
catalytic tests are composed of rounded irregular particles,

with an average size of 20-30 pm, like those shown for
MoS; in figure 2(b). No significant difference can be ob-
served with respect to size distribution and shape of parti-
cles of the in situ formed MoS, and WS, catalysts. The
surface of individual particles of pressed-derived catalysts
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ATM-350 at higher magnification is shown in figure 2(c).
As a genera trend, the amount of cracks increases with
pressure.

3.4. Thermal analysis

The data obtained from the DTA-TGA thermograms of
different precursors are summarized in table 3. For pow-
der ATM, thermograms show two neighboring initial steps
(with temperatures 77 and 73) instead of the single one
found in pressed samples, with a combined weight |0ss that
is higher than expected for MoS; formation. Some of the
peaks in the decomposition pattern of the powder ATM are
dlightly shifted with respect to the decomposition pattern
of the pressed samples. The decomposition pattern of the
powder samples also includes an early transition at 406 K,
which is not found in the pressed samples. For ATT pre-
cursors, pressed samples have dightly higher temperatures
of decomposition than powder ones, indicating that thermal
stability has increased by pressing the precursors.

3.5. Auger electron spectroscopy (AES)

The AES analysisis carried out on samples obtained af-
ter the catalytic test to determine the surface composition
of the catalysts. The atomic ratios M and C/M (where
M = Mo or W), as a function of applied mechanical pres-
sure, are shown in table 4. The sulfur-to-metal ratio de-

Table 3
Thermogravimetric analysis of ATM and ATT precursors in nitrogen at-

mosphere.

ATM-P ATM-350 ATT-P ATT-350

T (K) 406 - - -
Awq (exp.) (wt%) 5.0 - - -
T1 (K) 423 422 448 465
T> (K) 491 492 535 540
Aw; (exp.) (wt%) 27.7 245 19.6 184
Aw, (theor.) (wt%) 26.2 26.2 19.6 19.6
T3 (K) 676 670 643 651
Awy (exp.) (Wt%) 11.9 13.6 12.2 122
Aw; (theor.) (wt%o) 123 123 9.2 9.2

Awq and Aw, are experimental and theoretical weight losses of sample
during the first step (in the temperature range between initia (71) and
intermediate (7%) temperatures), and the second step (in the temperature
range between intermediate (7%) and final (73) temperatures) of thermal
decomposition, respectively.

Table 4
Relative surface composition of M (Mo or W), Sand C, measured by AES
of in situ prepared molybdenum sulfide and tungsten sulfide catalysts.

Sample Atomic ratios (normalized to Mo or W)
SM CIM
ATM-P 5.0 15
ATM-350 4.7 15
ATM-700 3.7 20
ATT-P 45 17
ATT-350 4.0 1.6
ATT-700 37 17

creases with increasing pressure from 5.0 to 3.7, while the
C/M ratio remains about the same (aproximately 1.6), ex-
cept for sample ATM-700. No oxygen was found on the
surface of the freshly prepared samples.

4, Discussion

The decomposition of thiosalts has been widely investi-
gated by thermal analysis [4,16-19]. It has been observed
that the evolution from thiosalt precursors to MoS, (hcp),
as indicated in the following sequence

(NH4)2M0S; — M0S; — MoS, (amorphous)
— MoS; (crystalling)

occurs in three main steps: (@) elimination of ammonium
disulfide, (b) elimination of sulfur, and (¢) aggregation and
ordering of crystallites.

According to the literature, the first step is dightly en-
dothermic; MoS; is formed releasing ammonia and hydro-
gen sulfide to the gas phase in the temperature range 473—
573 K. The second step is notably exothermic, yielding a
highly disordered — poorly crystalline — MoS; as it €im-
inates sulfur (or hydrogen sulfide, if excess hydrogen is
present) between 623 and 673 K. Finally, the third step oc-
curs at temperatures above 773 K without significant weight
loss and involves a re-stacking process of the MoS, crystal-
lites. The degree to which sulfur is removed and the lattice
becomes organized depends on the temperature.

The process of decomposition of tungsten thiosalts has
received much less attention than the corresponding molyb-
denum thiosalts. Earlier studies report that textural and
structural properties of WS, catalysts, obtained by thiosalt
decomposition, are very similar to that of MoS, [20,21].
More recently, Ramanathan et al. have shown that the mor-
phological, chemisorptive and hydrogenation properties of
WS, catalysts prepared by in situ decomposition are also
comparable to those of MoS; [6]. Some differences, re-
ported between MoS, and WS, catalysts, have been at-
tributed to a larger resistance to sintering [5] and a better
crystalline organization [22] of WS, compared to MoS,,
when treated under the same conditions.

In this work, and according to table 3, the DTA-TGA
analyses of non-pressed samples in nitrogen are very simi-
lar. Appearance of the first small step (5% of weight lost)
in the thermogram of ATM-P seems due to the elimination
of impurities. Since ATM is crystallized from a saturated
aqueous solution, some amount of water can be expected
to contaminate the thiosalt. Such an early-run weight loss
has already been attributed to dehydration of the starting
material [23]. The pressing of ATM helps eliminate this
water, so that the decomposition pattern of ATM-350 be-
comes nearly identical to that reported in the literature [16].
As seen in table 3, the ATM-P sample is the only thiosalt
which initially decomposes to a sulfur-deficient trisulfide
(M0S;_,). This observation agrees with the TGA anaysis
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of ATM reported by Wang et al. [23]. Pressing of precur-
sors has only a dlight influence on the pattern of thermal
decomposition of both ATM and ATT, and no effect on the
stoichiometry of the final products, namely MoS; and WS;.
Since there are no large changes in the DTA-TGA pattern,
no variation of the primary crystalline structure is inferred.

In the in situ experiments, the set temperature of the
reactor (623 K) corresponds to the lower limit of the de-
composition temperature for the second step (decomposi-
tion of MS; to MS; + S), and a sulfur-rich MS,, phase
may be expected. Intermediate compounds showing S/Mo
stoichiometries from 2.4 to 2.7 have been reported in the
literature [24,25]. However, amorphous MoS; is very sen-
sitive to the presence of hydrogen, which lowers the onset
of its decomposition [16].

The S/M stoichiometry of MoS, and WS, unsupported
catalysts prepared by thiosalt decomposition has been ob-
served to vary as a function of the gas atmosphere [26,27].

The AES analysis of crystalline MoS; typically tends to
overweigh the sulfur signal (and thus the S/M ratio), in part
due to the layered structure of MS, where the four nearest-
surface layers have an S/M ratio of three, but also because
the extinction coefficients of the layers involved are dif-
ferent. Previous results have revealed that S/IMo ratios of
3.94.1arecharacteristicfor aMoS, single crystal [28], and
thus the mean value of S'M = 4.0 is used as the reference
value for the surface stoichiometry of MoS, determined by
AES.

The surface S/M ratio of the in situ catalyst samples an-
alyzed by AES is found to differ from the bulk SM ratio
reported by Pecoraro [12]. According to table 4, variations
of the SM ratio from 5.0 to 3.7 for M0S,, and from 4.5
to 3.7 for WS, samples clearly indicate that uniaxial press-
ing helps eliminate sulfur from the surface, either during
thiosalt decomposition or during the HDS reaction. In situ
molybdenum and tungsten sulfide catalysts obtained from
ATM-P and ATT-P have a higher S/M ratio than the ref-
erence value, suggesting that some of the sulfur generated
by the reaction remains on the surface. The ratio is found
to decrease for the catalysts as their precursors are sub-
jected to greater mechanical pressure. For ATM-700 and
ATT-700 the S/M ratio is smaller than the reference value,
which means that the surface composition of the catalystsis
deficient in sulfur. The sulfur deficiency may be attributed
to variations of exposed planes at the surface, e.g., forma
tion of border planes instead of basal ones is expected to
decrease the S/M ratio.

Deformation of the ATM and ATT precursors by uniax-
ial pressing generates defects in the crystal structure which
after decomposition increase the border surfaces on the sul-
fide catalysts.

Surface carbon content, as measured by AES, is nearly
the same for al samples and quite uniform, averaging
1.6 monolayers of carbon. This carbon is derived either
from the aromatic rings of the decaline or the HDS prod-
ucts during the course of the reaction.

When heated under hydrogen at temperatures as low as
498 K, the XRD patterns of ATM samples develop a broad
(002) band corresponding to the poorly crystalline struc-
ture of MoS; [9]. The XRD results of this work confirm
this observation both for ATM and ATT. With respect to
uniaxial pressing, the XRD patterns show contrasting be-
havior between MoS, and WS, cataysts. For MoS,, the
(002) peak (c-direction) broadens and decreases in inten-
sity for the pressed sample, indicating that layer stacking is
affected. Exfoliation procedures are reported to give mono-
layers of M0S,, resulting in the nearly complete disappear-
ance of the (002) diffraction line [29]. The experimental
results suggest that thinner crystallites are formed when the
uniaxial pressure is applied to thiomolybdate crystallites.
For WS, catalyst, no influence of mechanical pressure on
XRD pattern is found.

The catalytic activity and the S/M ratio of MoS, and
WS, catalysts for the HDS of DBT behave differently with
respect to the uniaxial pressing of precursors. While spe-
cific rates go through a maximum from powder to highly
pressed samples, the S/M ratios decrease steadily (tables 1
and 4). According to the experimental results, the carbon-
coated catalysts with S/M ratios near stoichiometric show
the highest catalytic activity. The improved performance
in catalytic activity of in situ catalysts compared to ex situ
ones is attributed to a better stability of the catalyst surface
due to the presence of carbon, along with more efficient
heat dissipation during the exothermic step of MS; decom-
position. Further experiments are needed to elucidate the
correlation between surface S and C with catalytic activ-
ity.

It should be noted that, even though the activity changes
induced by uniaxial pressing are modest, they are beyond
experimental error. The mean deviation calculated for three
similar experimentsis +2.5%. Contribution of internal dif-
fusion to the rate of catalytic activity is negligible, accord-
ing to calculations of the Thiele modulus [30].

Variations of the selectivity ratio HYD/HDS are ob-
served between ex situ and in situ unpressed catalysts. The
in situ catalysts show higher selectivity for hydrogenation
products (DCH and PCH). Changes in the selectivity ra-
tio due to pressing are also found. For both MoS, and
WS, catalysts, HYD/HDS decreases when the precursor is
uniaxially pressed to 350 MPa, indicating that either an in-
crease of HDS sites or a decrease of hydrogenation sites
occurs. It is probable that mechanical pressing generates
more HDS by creating new edge sites, as shown by XRD
for MoS, catalysts, since a general increase of activity is
observed as the selectivity changes.

The effect of uniaxial pressing on the structure of crys-
tals is known as mechanochemistry. Intensive mechanical
forces have been shown to produce changes in the crystal
structure of crystalline solids, including permanent lattice
defects, polymorphoustransformations, total amorphization
and a definiteincrease of surface free energy [31]. All these
are forms by which a high share of mechanical energy can
be permanently stored in the catalysts precursors and thus
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can contribute to create defects which are potentia sites for
catalytic reactions. The mechanical pressing of thiometal-
lates is accompanied by a plastic deformation of particle
volume and surface layers. By such a mechanism, it is
possible to modify the surface structure (basal/edge ratio),
the S/M composition and the catalytic activity of MoS;
and WS, systems. The in situ prepared samples ATM-350
and ATT-350, which are deformated at intermediate uniax-
ial pressing, show the higher catalytic activity and surface
areas. ATM-350 has the highest HDS selectivity of al the
in situ catalysts.

5. Conclusions

The method of in situ activation of MoS, and WS, start-
ing from ATM and ATT thiosalts yields catalysts with im-
proved catalytic performance over ex situ catalysts. In situ
catalysts show higher rates, improved stahility to sintering
and higher selectivity for hydrogenated products. Decom-
position of thiosats yields MoS,,, ex situ and MoS,C,
in situ; in the latter, carbon is found at the surface and is
probably related to active sites.

Modification of the precursor thiosalts as a function of
the mechanical pressure affects the properties of in situ
MoS, and WS,cataysts in the following ways:

(8) increases their surface area;

(b) changestheir conversion activity, with the reaction rate
going through a maximum at 350 MPa;

(c) decreasestheir surface S/M ratio, which is higher than
stoichiometric for non-pressed samples and lower for
samples pressed up to 700 MPg;

(d) changes their selectivity, with hydrogenation activity
for MoS, going through a maximum at 350 MPa, and
WS, showing only dight variation; cracking activity
increases notably with pressure for WS, and remains
the same for MoS,.
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