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1. INTRODUCTION

Methanethiol (methyl mercaptan, CH3SH) is a key inter-
mediate in the production of several important specialty chemi-
cals such as methionine.1 Thus, improving and developing new
synthesis routes for methanethiol is of significant industrial
interest. Large scale production of methanethiol is based on
the thiolation of methanol.1,2 However, it would be economically
attractive to produce CH3SH from less expensive reactants, such
as carbon oxides, hydrogen sulfide, and hydrogen.

The synthesis of methanethiol from CO and CO2 on transi-
tion metal sulfides supported on alumina was reported in the
early work of Olin et al.,3 whereas Mn- and W-based sulfide
catalysts promoted with alkali metals were applied later.4 The
formation of methanethiol from mixtures of CO and H2S was
subsequently investigated over group Vb metal oxides supported
on TiO2 and Al2O3.

5�7

In recent years, the synthesis of methanethiol from H2S-
containing synthesis gas (H2S-syngas) on a variety of sulfide ma-
terials has received significant attention again.8,9 The outstanding
CO conversion and CH3SH selectivity set the K-promoted Mo-
catalyst apart from other evaluated catalysts.

A two-stage process for the synthesis of methanethiol was
devised by the authors as reported in refs 10,11. The first stage
consists in the liquid-phase reaction of elemental sulfur with CO-
H2 mixtures to form carbonyl sulfide (COS) and H2S. In the
second stage, a plug-flow reactor is used to synthesize metha-
nethiol from mixtures of COS, H2S, and H2. The reactions in the
second stage were catalyzed by Mo-sulfide catalysts containing
substantial concentrations of potassium and being supported on
SiO2 and Al2O3.

11,12

The two-stage approach allows also to better understand how
the H2S-syngas mixture reacts to form CH3SH. From the
mechanistic investigations it is concluded that COS undergoes

disproportionation to CO2 and CS2 and that the latter is hydro-
genated to methanethiol. The addition of high concentrations of
potassium leads to the formation of a “K-decorated”MoS2 phase
that enhances the COS disproportionation, but inhibits unde-
sired reactions. However, the sulfide catalyzed synthesis of me-
thanethiol from H2S-containing synthesis gas is far from being
optimized and completely understood. Stimulated by reports in
the literature13 we compare here the impact of double promo-
tion, that is, K�Co, on the methanethiol synthesis using COS and
CS2 as reactants aiming to provide a knowledge basis to improve
catalysts for the synthesis of methanethiol from H2S containing
synthesis gas.

Cobalt was used as a second promoter because it is known
to increase the reactivity of MoS2 for hydrogenation.14 Thus,
a series of K- and CoK- promoted Mo catalysts supported on
SiO2 were synthesized, characterized, and explored with respect
to the catalytic conversion of mixtures of COS or CS2 with H2S
and H2 to methanethiol.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The oxide catalyst precursors
were prepared by the incipient wetness impregnation of SiO2

(AEROSIL 90, Degussa). Mo and K�Mo catalysts were pre-
pared in a single impregnation step from aqueous solutions of
ammonium heptamolybdate hexahydrated ((NH4)6Mo7O24 3
6H2O, Aldrich, 99.9%) and potassium molybdate (K2MoO4,
Sigma Aldrich, 98%), respectively. The resulting materials were
dried at 353 K for 10 h and treated at 773 K in synthetic air for 12 h.
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The Co-containing catalysts were prepared by the impregnation
of the K�Mo oxide material with an aqueous solution of cobalt
nitrate hexahydrate (Co(NO3)2 3 6H2O, Fluka, 98%) followed by
the same thermal treatment as described above. The molybde-
num loading was 1.17 mmol per gram of material, whereas in the
promoted catalysts the molar K/Mo and Co/Mo ratios were 2
and 0.33 respectively. The equivalent nominal compositions
were 11.3, 9.2, and 2.3 wt % in Mo, K, and Co respectively.
The oxide catalyst precursors are denoted as Mo/SiO2, KMo/
SiO2, and CoKMo/SiO2.
2.2. Characterization of the Catalysts. Elemental Composi-

tion. The molybdenum, potassium, and cobalt content of the
oxide precursors were determined by atomic absorption spec-
troscopy (AAS) using a UNICAM 939 spectrometer.
Textural Properties. The textural properties of the oxide

precursors were determined by nitrogen adsorption�desorption
using a PMI automated BET sorptometer. The samples were
degassed in vacuum at 673 K for 2 h before adsorption.
X-ray Diffraction. The oxide precursors and the sulfide

catalysts after activity tests were characterized by X-ray diffrac-
tion (XRD). Samples of the used catalysts were measured after
cooling down the reactor to room temperature in nitrogen flow.
A Philips X’Pert Pro System (CuKα1-radiation, 0.154056 nm)
operating at 45 kV and 40 mA was used for recording XRD.
Measurements were carried out using a step size of 0.017� (2θ)
and 115 s as count time per step.
NO and CO2 Adsorption. NO and CO2 adsorption were

determined by a pulse technique using a flow apparatus equip-
ped with a mass spectrometer (QME 200, Pfeiffer Vacuum).
A sample of 0.1 g of catalyst was loaded in a quartz reactor and
activated in situ under 10 vol % H2S/H2 at 673 K for 3 h. After
cooling to the adsorption temperature, that is, 300 K for NO and
358 K for CO2, the reactor was flushed with high purity He for
5 h. Pulses of 10 vol % of NO or CO2 in He were introduced
every 30 min. The total concentration of gas adsorbed was
calculated as the sum of the uptakes per pulse.
2.3. Kinetic Measurements. The synthesis of CH3SH from

COS or CS2 was investigated with the sulfide form of Mo,
K�Mo, and Co�K�Mo catalysts. In the following the sulfide
catalysts are denoted simply as MoS2/SiO2, KMoS/SiO2, and
CoKMoS/SiO2. Prior to the activity tests, samples of 0.5 g of the
catalysts (particle size 250�500 μm) were sulfided in 10 vol %
H2S/H2 at 3 MPa and 673 K for 12 h. Kinetic measurements
were carried out in an experimental setup comprising a semibatch
reactor and a plug-flow reactor in serial arrangement. Pure H2 or
CO-H2 mixtures were bubbled through liquid sulfur in the
semibatch reactor to generate either COS-H2S or H2-H2S mix-
tures as previously reported.9,10 Thesemixtures were diluted with
the necessary concentrations of H2, N2, and/or CS2 and intro-
duced to the plug-flow reactor, where the synthesis of metha-
nethiol was performed. CS2 was introduced to the setup using

a Shimadzu LC-20AT pump and vaporized at 423 K before
mixing with the gas flow.
Using COS as starting reactant, the typical composition of the

feed was 7.33 vol % COS, 3.08 vol % H2S, and 17 vol % H2 in N2

(H2/COS ratio of 2.4). The effect of the H2/COS ratio (2.4, 3.2,
and 5.2) was explored with a fixed COS concentration of 8 vol %
and a H2/H2S ratio of 4.3. In the synthesis of CH3SH from CS2,
the composition of the feed was 8.5 vol % CS2, 18 vol % H2S,
50 vol % H2, and 23 vol % N2 (H2/CS2 ratio of 5.9). These com-
positions referred to the gas mixture used in the plug-flow
reactor. All reactions were performed at a constant pressure of
3 MPa and temperatures ranging from 420 to 673 K. The gas
hourly space velocity (GHSV), defined as (volumetric flow rate) 3
(volume of the catalyst bed)�1 was kept constant 89 min�1 in all
experiments by diluting the reactant mixture in N2. Absence of
transport artifacts was confirmed in preliminary experiments
with varying catalyst particle size and flow rates. Samples were
taken after reaching steady state in steps of 15 K and analyzed by
gas chromatography using a Shimadzu GC 2014 equipped with a
packed Haysep Q and a packed molecular sieve (13X) column.

3. RESULTS

3.1. Elemental Composition and Textural Properties. The
metal concentration, surface area, and pore volume of the oxide
catalysts are compiled in Table 1. The composition of metals in
the oxide catalyst precursors is very similar to the metal con-
centration used in the precursor mixture during preparation.
Table 1 shows that the surface area and pore volume of the
materials decrease with the loading of metal oxides along with the
increase in the density of the material. The Brunauer�Emmett�
Teller (BET) surface area and the pore volume of CoKMo/SiO2

was lower than what was expected after incorporating 1.8 wt % of
Co, which may suggest that some pores were blocked in the
parent material during the preparation procedure.
3.2. X-ray Diffraction Measurements. The X-ray diffracto-

grams of the oxide precursors and the corresponding sulfide
catalysts after the activity tests are shown in Figures 1a and 1b,
respectively. The broad signal between 15 and 35� (2θ) evidence
the amorphous nature of the silica support. A crystalline structure
of silica would produce the main reflection at around 26� (2θ)
instead of a broad signal (see for instance quartz, PDF no.
01-074-0764). All other reflections in the diffractogram ofMo/SiO2

are attributed to orthorhombicMoO3 (PDFno. 00-001-0706). The
oxidic KMo/SiO2 catalyst shows a mixture of K2MoO4 (PDF no.
00-024-0880) and K2Mo2O7 (PDF no. 00-036-0347). For the
CoKMo/SiO2 catalyst, the addition of Co modifies the proportion
of K- andMo- oxides. The fraction of K2Mo2O7 increases while that
of K2MoO4 decreases. However, slight shifts of the peak positions
compared with the reference PDF data could indicate a mixture of
potassium molybdenum oxides with different stoichiometries.15

Table 1. Nominal and Experimental Metal Concentrations in the Oxide Materialsa

material

Co (wt %) (nominal)

experimental

K (wt %) (nominal)

experimental

Mo (wt %) (nominal)

experimental

BET surface area

(m2
3 g

�1)

pore volume

(cm3
3 g

�1)

SiO2 88 0.15

Mo/SiO2 (11.3) 13.3 78 0.12

KMo/SiO2 (9.2) 8.8 (11.3) 11.4 50 0.06

CoKMo/SiO2 (2.3) 1.8 (9.2) 8 (11.3) 11.5 25 0.03
aBET surface area and pore volume determined by N2 physisorption.
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Evidence of crystalline Co-containing phases is not found in the
diffraction patterns, probably because the concentration of cobalt is
too low.
The XRD of the sulfide catalysts collected after the activity

tests are shown in Figure 1 b. Regardless of the oxide species
present in the oxide precursor, all sulfided catalysts showed the
presence ofMoS2 (PDF no. 00-024-0513) as the main crystalline
phase. The diffractogram of theMoS2/SiO2 used catalyst showed
some reflections corresponding to MoO2 (PDF no. 00-033-
0929) indicating incomplete sulfidation. In the sulfide and used
KMoS/SiO2 and CoKMoS/SiO2 catalysts, the K2SO4 phase
(PDF no. 00-003-0608) was also detected. This Mo-free phase
formed during the reaction as discussed in ref 11.
3.3. NO and CO2 Adsorption Measurements. The active

sites in the sulfide catalysts were characterized by means of NO
and CO2 adsorption because NO adsorbs on exposed cations of
MoS2, whereas CO2 selectively adsorbs on basic sites.16,17 The
uptake of NO and CO2 per pulse on sulfide MoS2/SiO2, KMoS/
SiO2, and CoKMoS/SiO2 is presented in Figure 2. Although there
are marked differences in the starting uptakes of the samples, the
uptake decreases to zero as themaximum adsorption capacity of the
sample is reached. The NO uptake on the MoS2/SiO2 sample was
rather low (69 μmol/g); however, the concentration of adsorbed
NO increased significantly for the K-promoted catalyst (229
μmol/g) and was the highest for CoKMoS/SiO2 (304 μmol/g).

Only negligible concentrations of CO2 were adsorbed onMoS2/
SiO2, while 23 and 21 μmol/g of CO2 were adsorbed on the
KMoS/SiO2 and CoKMoS/SiO2 sulfide materials, respectively.
Control experiments were also performed on pure SiO2 after
applying the same thermal treatment in H2S/H2 flow that was
applied to the catalysts; adsorption of NO or CO2 was not
observed for pure SiO2 carrier.
3.4. Comparison of Catalysts for the Synthesis of CH3SH

from COS. Previous studies of the synthesis of CH3SH from
COS implied that the reaction proceeds along the network
presented in Figure 3.11,12 COS is transformed to CO and H2S
via decomposition and in parallel, to CO2 and CS2 via dispro-
portionation. CS2 is hydrogenated to CH3SH, whereas the
reverse water gas shift reaction transforms CO2 into CO. The

Figure 1. XRD diffractograms of the oxide precursors (a) and sulfided used catalysts (b). MoO3 (9), K2MoO4 (1), and K2Mo2O7 (x) in (a);MoS2 (*),
MoO2 (O), and K2SO4 (b) in (b).

Figure 2. NO (a) and CO2 (b) uptake at 300 and 358 K respectively on sulfided MoS2/SiO2 (0), KMoS/SiO2 (Δ), and CoKMoS/SiO2 (O).

Figure 3. Reaction pathway for the production of CH3SH fromCOS or
CS2. The main reaction steps are referred in the text as decomposition
(1), disproportionation (2), and hydrogenation (3).
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secondary reactions involving CH3SH lead to CH4 and CH3SCH3

as suggested by the results of this work discussed below.
The synthesis of CH3SH from COS was investigated over

SiO2-supported Mo, KMo, and CoKMo sulphide catalysts (see
Figure 4a). With MoS2/SiO2 the conversion of COS increased
rapidly from 12 to 80% between 473 and 508 K. With KMoS/
SiO2, the conversion of COS increased slower and did not reach
the maximum value (>95%) until 623 K. The addition of cobalt
increased the conversion of COS leading to the most active
catalyst between 423 and 498 K. At temperatures higher than 498
K the conversions achieved withMoS2/SiO2 andCoKMoS/SiO2

were both above 95%. The highest yield of CO was obtained on
MoS2/SiO2 as shown in Figure 4b. Below 598 K, the yield of CO
was higher on CoKMoS/SiO2 than on KMoS/SiO2 while the
reverse was observed at higher temperature. On the three catalysts,
the yield of CO increased with temperature to a maximum value
before declining. The temperature for the maximum yield of CO
varied from 543 K with MoS2/SiO2, to 633 K with KMoS/SiO2

and 528 K on CoKMoS/SiO2.
The yield of CO2 is shown in Figure 5a. The highest yield was

observed with CoKMoS/SiO2 in the whole temperature range.
With KMoS/SiO2 the CO2 yield was the second highest, whereas
the lowest yield of CO2 was observed with the unpromoted Mo
sulfide catalyst. Three regions of the catalytic behavior can be
distinguished in Figure 5a, that is, steady CO2 yield increase
(423�513 K), constant CO2 yield (to 550 K), and finally CO2

yield increase (>530 K). Very low yields of CS2 were observed as
shown in Figure 5b. The highest CS2 yield (10%) was obtained
with KMoS/SiO2 at 523 K. Over the other systems, the maximum

CS2 yield was seen at 473 K, that is, 8% on CoKMoS/SiO2 and
just 1% on MoS2/SiO2.
A strong effect of the catalytic formulation was found on the

yield of methanethiol (see Figure 6a). With MoS2/SiO2 the yield
of methanethiol increased only to 7% at 518 K and then de-
creased again.With KMoS/SiO2, the yield of methanethiol reached
18% at 603 K and did not significantly change with further increasing
temperature. With CoKMoS/SiO2, the yield of CH3SH increased
steeply from 423 to 513 K, then remained constant and increased
again above 558 K reaching a maximum of 35% at 628 K. Figure 6b
shows the yield of methane. The formation of CH4 starts at 528 K
on the unpromoted molybdenum catalyst, 633 K on KMoS/
SiO2, and 588 K onCoKMoS/SiO2. In all cases, the yield of methane
increased with reaction temperature.
3.5. Synthesis of CH3SH from COS: Varying H2/COS Ratio.

Clearly, the CoKMoS/SiO2 system had the best performance
with respect to the rate of COS conversion and the yield of
methanethiol. Therefore, the effect of H2/COS ratio was further
studied on CoKMoS/SiO2. Figure 7a shows that below 523 K,
increasing H2/COS ratio leads to an increase in the conversion of
COS. Above that temperature, the conversion of COSwas higher
than 90%, regardless of the H2/COS ratio applied. Similarly, the
yield of CO increased by increasing the H2/COS ratio as shown
in Figure 7b.
The yield of CO2 (Figure 8a) was independent of theH2/COS

ratio up to 483 K. Above that temperature, raising the H2/COS
ratio lowered the yield of CO2. Formation of CS2 was detected
only at temperatures between 423 and 525 K and clearly decreased
with increasing H2/COS ratio as shown in Figure 8b.

Figure 4. Conversion of COS (a) and yield of CO (b) on sulfided MoS2/SiO2 (0), KMoS/SiO2 (Δ), and CoKMoS/SiO2 (O). The feed contains 7.3
vol % COS and H2/COS = 2.4 (3 MPa, GSHV = 89.2 min�1).

Figure 5. Yield of CO2 (a) and CS2 (b) on sulfidedMoS2/SiO2 (0), KMoS/SiO2 (Δ), and CoKMoS/SiO2 (O). The feed contains 7.3 vol % COS and
H2/COS = 2.4 (3 MPa, GSHV = 89.2 min�1).
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The yield of CH3SH increased by raising the H2/COS ratio in
the range 423�500 K (Figure 9a). Above this temperature,
however, higher H2/COS ratio led to lower yield of metha-
nethiol. The yield of methane (Figure 9b) increased quickly
above 598 K and was favored by increasing H2/COS ratio.
3.6. Synthesis of CH3SH from CS2. Full conversion of CS2

was achieved at 573 K as presented in Figure 10a. At lower
temperatures, the highest CS2 conversion was observed on
CoKMoS/SiO2 followed by the not promoted catalyst, and the
KMoS/SiO2 system led to the lowest CS2 conversion. Figure 10b
shows that the yield ofmethanethiol rapidly increased at temperatures

above 573 K to a maximum value. On the unpromoted catalyst,
the maximum yield of methanethiol was 84% at 548 K and then it
decreased quickly to 0 at 623 K. On the K-containing catalyst the
maximumCH3SH yield of 98%was reached at 573 K followed by
a steady decrease to 76% at 673 K. Using the CoKMo/SiO2

catalyst, the maximum yield of CH3SH (98%)was reached at 548
K, and it decreased to 58% at 673 K.
With all three catalysts, sulfidedMoS2/SiO2, KMoS/SiO2, and

CoKMoS/SiO2, only methane and dimethyl sulfide (CH3SCH3)
were formed as byproducts in the synthesis of CH3SH from CS2.
Figure 11a shows that for each catalyst the yield of CH4 started

Figure 7. Conversion of COS (a) and yield of CO (b) on sulfided CoKMoS/SiO2 at H2/COS ratio of 5.2 (O), 3.2 (Δ), and 2.4(0). The feed contains
8 vol % COS and H2/H2S = 4.3 (3 MPa, GSHV = 89.2 min�1).

Figure 6. Yield of CH3SH (a) and CH4 (b) on sulfided MoS2/SiO2 (0), KMoS/SiO2 (Δ), and CoKMoS/SiO2 (O).The feed contains 7.3 vol % COS
and H2/COS = 2.4 (3 MPa, GSHV = 89.2 min�1).

Figure 8. Yield of CO2 (a) and CS2 (b) on sulfided CoKMoS/SiO2 at a H2/COS ratio of 5.2 (O), 3.2 (Δ), and 2.4 (0). The feed contains 8 vol % COS
and H2/H2S = 4.3 (3 MPa, GSHV = 89.2 min�1).
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increasing at the temperature corresponding to the decline in the
yield of CH3SH. Thus, the decrease in CH3SH yield at tempera-
tures higher than 548 K was due to CH3SH reduction to methane.
With MoS2/SiO2, the yield of methane increased rapidly above
548 K and reached almost 100% at 623 K. The formation of
methane was significantly decreased by the presence of potas-
sium in the KMoS/SiO2 catalysts. The addition of Co to the
KMoS/SiO2 catalyst, however, slightly increased the formation
of CH4 again. This methane formation on both promoted catalysts
started at 598 K and increased up to 673 K to yield of 22 and 40%
on KMoS/SiO2 and CoKMoS/SiO2, respectively. It is shown in
Figure 11b that significant amounts of CH3SCH3 were observed
only over MoS2/SiO2 where the CH3SCH3 yield increased up to

16.5% at 573 K and decreased at higher temperatures. Over the
other systems the yield of CH3SCH3 was lower than 2% over the
evaluated temperature range.

4. DISCUSSION

4.1. Effect of the Catalytic Formulation on the Synthesis of
CH3SH from COS. Let us analyze first the activity observed with
MoS2/SiO2 and then describe the effects of the K- or Co and
K-promotion. The conversion of COS which increases between
423 and 523 K is closely related to the yield of CO showing
a parallel tendency. The yield of the other products, in contrast,
remains rather low. This indicates that the decomposition of

Figure 9. Yield of CH3SH and CH4 on sulfided CoKMoS/SiO2 at a H2/COS ratio of 5.2 (O), 3.2 (Δ), and 2.4 (0).The feed contains 8 vol % COS and
H2/H2S = 4.3 (3 MPa, GSHV = 89.2 min�1).

Figure 10. Conversion of CS2 (a) and yield of CH3SH (b) on sulfided MoS2/SiO2 (0), KMoS/SiO2 (Δ), and CoKMoS/SiO2 (O). The feed contains
8.5 vol % CS2 and H2/CS2 = 5.9 (3 MPa, GSHV = 89.2 min�1).

Figure 11. Yield of CH4 (a) and CH3SCH3 (b) on sulfided MoS2/SiO2 (0), KMoS/SiO2 (Δ), and CoKMoS/SiO2 (O). The feed contains 8.5 vol %
CS2 and H2/CS2 = 5.9 (3 MPa, GSHV = 89.2 min�1).
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COS to CO has the highest reaction rate between 423 and 523 K
on MoS2/SiO2. Relatively stable yields of CO and CO2 were
observed between 523 and 548 K suggesting that in this narrow
temperature range, the relative rates of COS disproportionation
and decomposition are constant. At higher temperatures the
linearly increasing yield of CO2 coupled with a decreasing CO
yield indicates that the COS disproportionation becomes faster
than the decomposition. Hence, we conclude that the dispro-
portionation of COS has a higher activation energy than its
decomposition. The yield of CS2 is zero above 500 K, that is, it
was consumed faster than formed. Thus, we conclude that CS2
hydrogenation to CH3SH is faster than COS disproportionation.
The addition of potassium to the catalyst decreases the

conversion of COS, but it does not slow down all reaction steps
equally. The much lower yield of CO observed with KMoS/SiO2

than with MoS2/SiO2 below 623 K suggests that the decom-
position of COS is drastically reduced by potassium. The yield of
CO2, however, is much higher on the K-containing catalyst than
on the unpromoted counterpart pointing to an increase in the
rate of the COS disproportionation. In line with this statement,
the yield of CS2 is significantly higher with KMoS/SiO2 than with
MoS2/SiO2. The subsequent reactions are retarded by potassium
to different extent. Note that the yield of CS2 is negligible on
MoS2/SiO2, whereas the yield of CH3SH increases up to 5% at
500 K. This indicates that the hydrogenation of CS2 to CH3SH is
fast. Interestingly, for the K-promoted catalysts the relatively high
yield of CS2 at 523 K is not accompanied by a high CH3SH yield
relative to the unpromoted system. Also, the formation of CH4

ceased. Hence, the presence of potassium blocks or strongly
retards the hydrogenation steps. The production of CH3SH is
less affected than the reduction to CH4.
It is known that the reaction of syngas on MoS2 yields hydro-

carbons, whereas alcohols are selectively obtained on adding
potassium to the catalytic formulation.18,19 This observation
seems to be analogous to the enhanced selectivity of H2S-syngas
to methanethiol on K-containing sulfides9 as the carbon-hetero-
atom bonds are not cleaved in the presence of potassium. From
another point of view, note that the hydrogenation of CS2 to
CH3SH and the further reduction to CH4 requires the cleavage
of C�S bonds. From this perspective, the decelerating effect of
potassium on the C�S bond cleavage observed in this work is
consistent with investigations addressing hydrodesulfurization
(HDS). The results of those investigations indicate that potas-
sium reduces the HDS activity of Mo-sulfide catalyst for model
molecules and real oil feeds.20,21

The formation of the CoKMoS/SiO2 catalyst by adding cobalt
increases the conversion of COS. Comparing the product yield
observed with KMoS/SiO2 and CoKMoS/SiO2, the variation of
the yields of CO, CS2, and CO2 show that the increased rates are
due to the acceleration of two parallel reactions, that is, the de-
composition and the disproportionation of COS. Interestingly,
the yield of CO, remains lower on CoKMoS/SiO2 than on
MoS2/SiO2 (the yield of CO is even the lowest and the CO2 yield
the highest onCoKMo/SiO2 of all catalysts above 600K) indicating
that potassium blocks the disproportionation pathway without
cobalt reversing this blockage. The subsequent hydrogenation
steps to CH3SH and CH4 are also accelerated by the cobalt pro-
motion. In line with this accelerated disproportionation and
subsequent hydrogenation, the yield of CS2 reached a maximum
value at lower temperatures thanwith other catalysts. In consequence,
the yield of and the selectivity to CH3SH is the highest with
the double promoted MoS2 catalyst. They decline slowly only

above 650 K because of the enhanced reduction of CH3SH to
methane.
4.2. Effect of the Catalytic Formulation on the Synthesis of

CH3SH from CS2. The reactions of CS2 and H2 on the unpro-
moted and the (Co)K-promoted catalysts confirm that the
addition of potassium decreases the rate of CS2 hydrogenation,
whereas the presence of cobalt increases it, yielding only CH3SH
below 550 K. Above 550 K the CH3SH yield drops with MoS2/
SiO2 because of CH4 formation. CH3SH hydrogenation is nearly
blocked with KMoS/SiO2 indicating that the presence of K+

cations blocks hydrogenation, while Co does hardly enhance
CH3SH hydrogenation, that is, it seems to remain less strongly
adsorbed at the site of hydrogenation than on MoS2/SiO2. The
significant formation of CH3SCH3 between 500 and 600 K with
the latter catalyst and its disappearance in parallel to methane
formation suggests that CH4 is formed in a consecutive reaction
from CH3SCH3 or as a parallel pathway (see Figure 3) on identical
catalytic sites. The disappearance of these sites by addition of
promoting atoms allows us to conclude that these sites are related
to accessible Mo cations.
4.3. Effect of the H2/COS Ratio on the Synthesis of CH3SH

on CoKMo/SiO2. Increasing H2/COS ratio led to the enhance-
ment of the COS hydrodecomposition as seen from the increas-
ing yield of CO, that is, [COS +H2fCO+H2S]. The increased
rate of CO formation diminished the concentration of COS for
the disproportionation reaction [2COS f CS2 + CO2]. The
positive influence of the hydrogen concentration suggests that all
reactants are absorbed and that the two pathways follow the
probability of finding a reaction partner on the sulfide surface.
Below 500 K higher partial pressures of H2 enhanced the rate

to CH3SH [CS2 + 3H2 f CH3SH + H2S], while above accel-
erated rates of COS hydrodecomposition reduce the availability
of CS2, reducing so the rates to CH3SH. It indicates that the
energies of activation of the COS hydrodecomposition must be
higher than that of CS2 hydrogenation.
4.4. Role of the MoS2 Phase and the Promoters. The X-ray

diffractograms of the crystalline phases are reported from catalysts
that were used in steady state operation after sulfidation of the
oxide precursor. The catalytic experiments were also stopped to
analyze the catalyst after different periods of reaction time, and
the same XRDpatterns for each catalyst were observed indicating
the high stability of the investigated catalytic materials. In the
active sulfide state all catalysts showed the MoS2 phase. In addition
MoO2 was also detected with MoS2/SiO2, and the formation of
K2SO4 was observed on the K-containing catalysts.
The X-ray diffractograms of the oxide precursor suggest that

relatively large crystals (average diameter of 93 nm) are formed
upon supportingMoO3 on SiO2. After the sulfidation procedure,
the molybdenum is effectively reduced to Mo4+. The large crystals,
however, are not completely sulfided, which resulted in a mixture
of MoS2 andMoO2, the latter species having an average diameter
slightly above 80 nm. Therefore, it is reasonable to assume that
the MoS2 formation starts from the surface and that the reduc-
tion of molybdenum is not correlated with the sulfide formation.
While the presence of K2SO4 is startling at first it is highly
unlikely that it catalyzes any of the reactions discussed here,
because it is highly stable and difficult to reduce.22 Indeed, it has
been observed that the formation of surface sulfate species decreased
the conversion of CS2 in reactions carried out on Al2O3 or TiO2

supports.23

As the promoters, K or Co�K modify the behavior of the
catalyst without changing the dominatingMoS2 phase.We conclude
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in agreement with the literature that K+ cations do not occupy
specific sites in the catalyst, but are randomly distributed on the
surface of support and the active sulfide phase.8,10 Thus, some K+

cations are associated with the sulfide and others are deposited
on the support. It is also possible that not all supported MoS2 is
promoted by potassium. This random distribution of alkali pro-
moter leads in consequence to the formation of two MoS2 phases,
that is, K-free and K-decorated MoS2. K

+ cations not associated
with MoS2 agglomerates to form Mo-free crystalline species on
silica, for example, K2SO4 as observed in this work. Interestingly,
on Al2O3, K2SO4 does not form probably because of the stronger
interaction of K+ cations with alumina.12

Different catalytic behaviors have been proposed for the two
different phases.11,12 The K-free MoS2 catalyzes mainly the COS
decomposition and the hydrogenation of CH3SH, whereas the
K-promoted phase hinders these two reactions and promotes the
disproportionation of COS. These assignments are consistent
with what is observed in this work. The origin of this effect has
been explained by assigning the role of adsorption center to K+

cations. Accordingly, the NO adsorption increases from 69 to
230 μmol g�1 by adding 8.8 wt % of potassium in the studied
catalysts. This increase of adsorption sites concentration is not
reflected neither in the COS decomposition nor in the CS2
hydrogenation. The only reaction enhanced with the K-promo-
tion is the disproportionation of COS. This strongly suggests that
the adsorption sites created by potassium differ from the Mo-
coordinatively unsaturated sites (Mo-CUS). The K-containing
sites are active for disproportionation, but reduce the concentration
of Mo-CUS and so limit reactions catalyzed by accessible Mo
cations. For a detailed discussion of the nature of the K-containing
active sites see ref 12.
On the other hand, Co is a very specific promoter of Mo

sulfide. It is well-known that Co interacts with MoS2 forming the
CoMoS phase, in which a fraction of Mo sites at the edges of the
MoS2 slab is replaced by Co.24 This Co�Mo�S association is
favored at Co/Mo molar ratios of around 0.5, whereas Co-sulfides
form at higher contents of promoter. In this work an amount of
Co below the maximum Co/Mo ratio for the formation of the
Co�Mo�S phase was added to the Mo catalyst. Thus, we can
assume that in the CoKMoS/SiO2 catalyst the CoMoS phase is
formed in agreement with the literature.25 We cannot deduce
from the present results whether or not Co incorporation occurs
with preference on either MoS2 or the K-decorated MoS2. It is
likely that cobalt decorates both MoS2-like phases because all
reaction steps are accelerated by Co promotion.
Considering that all reactions rates are accelerated and assum-

ing that accessible Co is located at least in the nominal concen-
tration at the edges of MoS2 slabs, we deduce that all the reaction
steps occur at the edges of MoS2. To influence the catalytic
performance of the MoS2 phase, at least part of the K

+ cations
must be located near the MoS2 slab edges. Considering that K

+

enhances the O�S exchange,12 it is highly likely that the K+

cations enhance the exchange on the edge of MoS2 slabs because
these sulfur atoms are much more labile than sulfur in the basal
planes.26

The influence of cobalt on MoS2-based catalysts has been
extensively studied for hydrotreating catalysts. Two main effects
are attributed to Co-promotion, that is, increasing the concen-
tration of CUS and facilitating the activation of H2.

27 For the
catalysts studied in this work, NO adsorption shows that the
addition of Co increases the adsorption of NO from 230 to 304
μmol g�1. Thus, the enhanced activity of the CoKMo/SiO2

catalyst can be related to the increase of CUS in theMoS2 edges
16

as it has been done for the synthesis of alcohols from syngas on
K-doped Mo sulfides.28

A schematic view of the K+- and Co-promoted MoS2 slabs is
presented in Figure 12. While we assume that the K+ cations are
distributed over the material surface, only those deposited near
the slab edges are relevant for the catalytic performance. The
K-containing adsorption sites without Mo-CUS (a) would
catalyze the disproportionation of COS. The sites containing
both Co and K+ (b) in principle catalyze COS disproportiona-
tion and decomposition as well as hydrogenation steps. How-
ever, the K+ cations would act as weak adsorption sites decreasing
the rate of hydrogenation by adsorbing more weakly the reaction
intermediates. Finally, the MoS2�CUS in the MoS2 edge
promoted only by Co would catalyze hydrogenation and C�S
bond cleavage.
The enhancing effect of cobalt in the hydrogenation and

hydrogenolysis steps is not surprising because the same effect
has been observed in hydrotreating applications. The promotion
of the disproportionation step can be attributed to the increase of
oxygen and sulfur mobility in line with the knownCo effect of de-
creasing the binding energy between Mo and the heteroatom.29

On the other hand, the formation of CH3SCH3 on MoS2/SiO2

implies that two CH3S- fragments adsorbed on adjacent Mo-CUS
combine before desorption. However, the hydrogenolysis to
methane is faster than the recombination to CH3SCH3 above
573 K. On the K-containing catalysts, the occurrence of two Mo-
CUS would be less probable because of the blocking of such sites
by K+. Readsorption of CH3SH, however, cannot be ruled out as
one of the critical steps leading to the formation of CH3SCH3. K

+

cations would in that case reduce the probability that CH3SH reacts
further.
Final evidence of the different adsorption abilities of Mo-CUS

and K+ cations is given by CO2 adsorption. On MoS2/SiO2, the
uptake of CO2 is negligible in accordance with reports that CO2

does not adsorb on MoS2.
17 In contrast, the sulfide KMo/Al2O3

catalyst adsorbs 23 μmol g�1, which points to CO2 adsorption
involving the alkali atoms in agreement with ref 30. We speculate
at present that such adsorption complexes have an sp2 hybridized
carbon atom. The adsorption of the same concentration of CO2

on the sulfide CoKMoS/Al2O3 catalyst strongly suggests that the
CO2 interacts exclusively with K+ cations, and not with CUS
created by the incorporation of Co. The increased concentration
of CUS on transition metals after Co-promotion is evidenced by
the increase in the NO uptake by around 30%. This value is
consistent with the increase of CUS concentration of 25�33%
found in Al2O3-supported MoS2 after promotion with Ni reported
in refs 31,32.

Figure 12. Schematic representation of a K- and Co-promoted MoS2
slab. K+ cations, Co, S, andMo atoms are presented in white, red, yellow,
and blue spheres, respectively. K+-decorated site for COS disproportio-
nation withoutMo-CUS (a); potential active sites for all reactions promoted
with Co and K+ (b); Co-promoted hydrogenation and hydrogenolysis
sites (c).
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5. CONCLUSIONS

The CH3SH synthesis was carried out from COS/H2 and
CS2/H2 mixtures catalyzed with Mo, K�Mo, and Co�K�Mo
sulfide catalysts supported on SiO2. On unpromoted MoS2, the
(undesired) COS decomposition leading to CO and the hydro-
genation of CH3SH to CH4 are favored and are associated with
the presence of the highly reactive accessible Mo cations. The
promotion with K+, decorating supported MoS2 and CoMoS
particles, accelerates the COS disproportionation by providing
sites for a facile exchange of oxygen and sulfur (presumably via
surface mixed carbonates containing also sulfur atoms) and so
reduce indirectly the formation of CO by COS decomposition.
Note that also the addition of the more Lewis acidic Co cation
increases the rate of C�S bond cleavage, therefore, it does not
seem to stabilize carbonate structures.

The promotion with potassium also retards all steps requiring
hydrogen, so decreasing the formation of methane. However, the
formation of CH3SH is affected less leading to the optimum
yield. Adding Co accelerates all individual steps in the reaction
network. The CH4 formation rate is only enhanced at higher
temperatures hardly limiting the temperature window in which
high yields of methanethiol are achievable. Minimizing the H2

partial pressure allows further optimization of the CH3SH selectivity.
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