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The synthesis of methyl mercaptan from COS and H; on K promoted MoS, supported on silica is
explored. The reaction proceeds via the disproportionation of COS to CO, and CS, and the consecutive
hydrogenation of CS; to CH3SH. In parallel to the disproportionation, COS also decomposes to CO and
H,S. The characterization of the catalyst by means of XRD, Raman spectroscopy, and adsorption of NO
suggests that two active phases, i.e., relatively pure MoS, and K*-decorated MoS,, are present in the sul-
fided catalyst. The disproportionation of COS and the hydrogenation of CS, are favored on K*-decorated
MoS,; the decomposition of COS to CO is the favored route on pure MoS,. The reaction mechanisms for
the decomposition of COS and the hydrogenation of CS, are discussed.

© 2011 Published by Elsevier Inc.

1. Introduction

Methyl mercaptan is an important chemical commodity widely
used in the production of pesticides, pharmaceuticals, petrochem-
icals, and for material synthesis [1]. The main application of CH5SH
lies in the production of methionine, an amino acid used as an ani-
mal feed supplement [2]. With the rapid increase in the demand
for methionine over the past 20 years, the demand for CH3SH has
been growing significantly [3]. Therefore, the synthesis of methyl
mercaptan has been the subject of several studies and alternative
routes for its production have been explored [4-6].

Industrially, methyl mercaptan is produced by thiolation of
methanol. In this process, methanol and H,S are reacted over alka-
li-promoted transition metal sulfides [1]. Considering that metha-
nol is generated from synthesis gas, Olin et al. [7] proposed first to
form CH3SH directly from carbon oxides, hydrogen, and hydrogen
sulfide. The catalysts for those reactions were based on alkali-pro-
moted tungsten or molybdenum sulfides with transition metal oxi-
des as additives [8]. The approach attracted significant interest,
because it allowed avoiding the methanol synthesis step [9-14].

It is commonly accepted that the generation of CH3SH from
H,S-containing syngas proceeds via the formation of carbonyl sul-
fide (COS) as the primary product and its subsequent hydrogena-
tion to CH3SH [15-17]. Preliminary experiments with COS as
starting agent have indicated, however, that the direct hydrogena-
tion of COS may not be a significant route.

The objective of this study was, therefore, to explore the synthe-
sis of methyl mercaptan using COS, H,, and H,S as reactants. A
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two-step approach was adopted to achieve this goal, i.e., the selec-
tive production of COS followed by the synthesis of CH3SH in a sep-
arate reactor. The formation of COS by reacting CO and H, with
elemental liquid sulfur was reported elsewhere [18]. In this first
step, CO conversion of 100% with high yield of COS at various reac-
tion conditions was achieved. In the present work, we analyzed the
catalytic synthesis of CH5SH in the presence of H,S over sulfided
K;Mo00,4/SiO, by combining physicochemical characterization of
the catalyst with detailed kinetic measurements. The thermody-
namic equilibria of reactants and products were calculated to ex-
plore potential operating conditions.

2. Thermodynamic considerations

Calculations addressing the formation of CH5SH from CO, H,S,
and H, have been reported by Barrault et al. [15]. Conversion of
CO to methyl mercaptan is assumed to proceed via reactions (I)
and (II).

CO + H,S=COS + H, M

COS + 3H, = CH5SH + H,0 )

The overall formation of methyl mercaptan from CO is thermo-
dynamically allowed between 448 and 698 K and it is favored at
high pressures and excess of H,S and H,. Here, only the thermody-
namic calculations focusing on step (II) are reported. The conver-
sion of COS as a function of temperature at various H,/COS ratios
and different total pressures is calculated using the HSC Chemistry
5.1 software. The results are compiled in Fig. 1-S of the supporting
information. The lowest COS conversion is calculated for the
stoichiometric ratio of H,/COS = 3 (Fig. 1-Sa). Higher H,/COS ratios
increase the thermodynamically possible COS conversion. For
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ratios higher than 4.5, a conversion of nearly 100% is possible up to
673 K. At higher temperatures, the maximum conversion of COS
decreases, which is in line with the strongly exothermic nature
of reaction (II), (AH® = —124 kJ/mol).

Fig. 1-Sb shows the dependence of the COS conversion on the
temperature at pressures ranging from 1 to 5 MPa. As reaction
(II) proceeds, the number of total molecules decreases, and thus
high pressures are favorable to maximize conversion. Considering
the results of Barrault et al. [15] and the thermodynamic calcula-
tions described here, the synthesis of CHsSH is studied at 3 MPa
in the temperature range of 453-673 K with H,/COS ratios from
2to7.

3. Experimental
3.1. Catalyst preparation and activation

A SiO, (AEROSIL® 90, Degussa) supported molybdenum sulfide
catalyst, promoted with a twofold molar potassium excess over
molybdenum, was used. The oxide precursor was synthesized by
the incipient-wetness impregnation method using an aqueous
solution of K;Mo0,4 (Sigma Aldrich, 98%). After impregnation, the
catalyst precursor was dried at 353 K overnight and treated at
773 K in synthetic air for 12 h. The loading of K;Mo0O4 on SiO,
was 28 wt.%. Prior to each activity test, 0.5 g of the catalyst was
activated by sulfidation in 10 vol.% H,S in H, at 3 MPa and 673 K
for 12 h.

3.2. Kinetic measurements

Kinetic measurements were carried out by using two reactors in
a serial configuration with a GC connected to the outlet of each
reactor to monitor both steps as shown in Fig. 2-S of the supporting
information. The first reactor was a semi-batch tank reactor (pre-
reactor) used to obtain mixtures of COS and H,S from the reaction
of CO and H; (continuous reactants) with liquid sulfur (batch reac-
tant). The configuration of the pre-reactor and the reactions taking
place in it were described in detail elsewhere [18]. In this first step,
the feed composition and reaction conditions were adjusted in or-
der to achieve complete CO conversion and the H,S/COS ratio re-
quired to perform the experiments in a subsequent plug-flow
reactor with fixed catalyst bed (main reactor). The products from
the pre-reactor were mixed with required concentrations of H;
and N, prior to the second reaction step in the main reactor. Feed
compositions reported in this work refer to the gas mixture intro-
duced to the main reactor. The gas products were analyzed by gas
chromatography using a Shimadzu GC 2014 equipped with a
packed Haysep Q and a packed molecular sieve (13 x) column.

3.2.1. Activity tests at varying H,/COS and H,S ratios

In the experiments at varying reactant ratios, the content of COS
in the gas mixture was 8.6 vol.%, with N, being added to keep an
overall reactant flow rate of 37 cm® min~' (residence time of
0.68 s). The H;/H,S ratio was held constant at 4.5 to study the ef-
fect of the H,/COS ratio, whereas a fixed H,/COS ratio of 2.3 was
chosen to study the effect of the H,/H,S ratio. GC measurements
were taken in steps of 15 K from 453 to 673 K after steady state
was achieved.

3.2.2. Activity tests at varying residence time

The effect of residence time on the reaction was studied at 523
and 598 K using constant ratios of H,/COS = 2.3 and H;/H,S = 2.8.
The mass of the catalyst was held constant (0.5 g), whereas the
flow rates were varied in the range 6-60.5 cm® min~' at 598 K
and 12-40 cm® min~! at 523 K. Residence time was defined as

V/Veatalyst, Where v is the volumetric flow rate and Vagaiys: is the to-
tal volume of the catalyst bed.

3.2.3. Activity tests in the absence of H,

Experiments in the absence of H, were conducted to obtain a
better understanding of the reactions in which COS is involved.
At the end of a typical activity test in the presence of H,, the reactor
was flushed thoroughly with N, at 673 K to remove all reactants
and products. After decreasing the temperature to 437 K, a total
flow of 40 cm® min~! of a gas mixture of 8.5 vol.% COS in N, was
passed through the catalyst bed at 3 MPa. In the first experiment,
the temperature was increased from 437 to 673K in steps of
50 K, and the product was analyzed 5 min after reaching the de-
sired temperature. In the second experiment, the temperature
was increased from 437 to 523 K and kept constant for 5 h, and
the products were analyzed every 50 min.

3.2.4. Catalytic test of bulk MoS, and sulfided K;MoO,4

The sulfided form of bulk MoOs; and K;MoO,4 was tested in the
reaction of COS with H,. The reactor was loaded with 0.5 g of the
oxide to perform the sulfidation in 10 vol.% H,S in H, at 3 MPa
and 673 K for 12 h. The overall reactant flow was 40 cm®min "
with a COS content of 8.6 vol.% and the ratios H,/COS = 3 and H,/
H,S =5.3. The reaction temperature was increased from 448 to
598 K.

3.3. Elemental composition and textural properties

The elemental compositions of the oxide precursor and the used
sulfide catalyst were determined by atomic absorption spectros-
copy (AAS) using a UNICAM 939 spectrometer. The surface area
and pore volume of the catalyst in the oxide and used sulfide forms
were determined by nitrogen adsorption-desorption. The mea-
surements were performed on a Porous Materials Incorporated
automated BET sorptometer. Before adsorption, the samples were
degassed in vacuum at 673 K for 2 h.

3.4. Raman spectroscopy

Raman spectra of the samples during the sulfidation-oxidation
process were measured placing a sample of the catalyst in a suit-
able quartz tube reactor. The spectra of the oxide precursor were
measured under N, at 290 K and under flow of 10 vol.% H,S in H,
at 290, 473, and 673 K. After sulfidation, the sample was cooled
down to 290K in N,. New spectra were measured at 290 and
673 K after replacing N, by air. The Raman spectra were recorded
on a Renishaw Raman Spectrometer Series 1000 Microscope with
an Ar laser of 514 nm wavelength.

3.5. X-ray diffraction

The oxide precursor, the sulfide catalyst, and the catalyst used
in the reaction were characterized by X-ray diffraction (XRD).
Measurement of the sulfide catalyst was performed ex situ, after
catalyst sulfidation for 12 h at 673 K and 3 MPa in 10 vol.% H,S in
H,. A sample of the used catalyst was analyzed by XRD after cool-
ing down the reactor to room temperature keeping the reactant
mixture flow. The freshly sulfided catalyst and the sample of used
catalyst were placed on a silicon single crystal with a (11 1) sur-
face avoiding contact with air. Blank tests did not show any signals
originating from the single crystal. A Philips X'Pert Pro System
(Cu Ko1-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° (20) and 115 s as count time per step.
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3.6. NO adsorption

Adsorption of NO on the catalyst was measured at room tem-
perature by a pulse technique using a flow apparatus equipped
with a mass spectrometer (QME 200, Pfeiffer Vacuum) as detector.
For each experiment, a sample of 0.15 g was loaded in a quartz
reactor and sulfided in situ (3 h at 673 K in 10 vol.% H,S in Hy). In
the first experiment, the sample was cooled down to room temper-
ature in the H,S/H, flow after sulfidation. NO pulses were period-
ically introduced after flushing the reactor with He. In the second
experiment, the sample was cooled down to 523 K in the H,S/H,
flow after sulfidation and at constant temperature, the H,S/H, flow
was replaced by a COS/He mixture. After one hour, the sample was
cooled down to room temperature in flowing COS/He. Subse-
quently, the sample was flushed with He and the NO pulses were
applied at regular intervals. In both experiments, the total amount
of adsorbed NO was calculated as the sum of the NO uptakes per
pulse.

4. Results
4.1. Catalyst characterization

4.1.1. Composition and textural characteristics

The elemental composition in the oxide precursor determined
by AAS analysis were 11.4 and 8.8 wt.% for molybdenum and
potassium (corresponding to 5.85 and 11.08 mol%). The concentra-
tions in the precursor mixture during the synthesis step were 11.3
and 9.2 wt.% for molybdenum and potassium, respectively. The
oxide precursor has a specific surface area of 50 m? g¢~! and pore
volume of 0.06 cm®> g~ .

The elemental composition of the used sulfide catalyst was 8.2,
6.2, and 9.5wt.% for Mo, K, and S, respectively. Only traces of
carbon were detected. The calculated S/Mo mol ratio was therefore
3.5, i.e., higher than the ratio expected for MoS, (S/Mo = 2), indicat-
ing that some sulfur was also associated with K" cations. The
surface area and pore volume of the catalyst after reaction were
37m? g~ ! and 0.05 cm® g}, respectively.

4.1.2. Raman spectroscopy

Fig. 1 shows the Raman spectra of the K;Mo00,4/SiO, catalyst re-
corded at different temperatures during the sulfidation-oxidation
process. Spectrum (a) corresponds to the oxide K;Mo0,4/SiO, pre-
cursor in N, at 290K with all bands being characteristic for
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Fig. 1. Raman spectra of oxide K;M004/SiO, precursor in N, at room temperature
(a), and after exposure to H,S/H, at room temperature (b), to H,S/H, at 473 K (c), to
H,S/H; at 673 K (d), and to synthetic air at 673 K (e).

K>Mo0, [19]. The widths of the bands at 849 and 711 cm™!, how-
ever, suggest the presence of K;Mo0,07 [20] and this conclusion is
in agreement with findings by XRD (see below). New bands at
463 and 485 cm™! after exposure to H,S/H, at 290 K (Spectrum
(b)) indicate the formation of K;MoOSs; [21]. Maintaining the
H,S/H; flow, the temperature was increased to 473 K for Spectrum
(c). Bands appeared at 913 and 457 cm™! are attributed to K;MoS,
[22]. After keeping the H,/H,S atmosphere for 4 h at 673 K, MoS, is
detected as the main phase (450, 408, 382 cm™') as shown in
Fig. 1d. After cooling the sample in N, flow to 290 K and applying
synthetic air for 10 min, evidence of oxidation is not observed.
Bands at 994, 816, 374, 336, 283, 237, and 219 cm™! indicate the
formation of MoOs after increasing the temperature to 673 K in
synthetic air (Spectrum (e)) [23]. The bands at 964, 849 cm~! and
those in between correspond to the octamolybdate K4;MogO6 [19].
Detailed spectra of the sulfide catalyst are shown in Fig. 2. An
example of the Raman spectra observed with the largest fraction
of the sample is displayed in Spectrum (a). All bands are attributed
to MoS, with those at 382, 408, and 450 cm~! being the most in-
tense [24]. The band at 382 cm™! is assigned to the Mo-S stretching
mode along the basal plane, while the one at 408 cm ™! corresponds
to the S-Mo-S stretching mode along the C-axis. The band at
450 cm~! is attributed to a second-order scattering [23]. At few
spots of the sample (see Spectrum (b)), the bands at 1825, 1364,
911, 459, and ~200 cm™! indicate the presence of a Resonance Ra-
man Effect (RRE) typical for the Mosf{ ion [22,25]. Thus, we attri-
bute these bands to K;MoS, unevenly distributed in the solid.
The sequence of Raman spectra with the sulfidation in H,S/H,
atmosphere indicates that K;MoS, is the first fully sulfided species
formed, which is converted to MoS; in the next step. The Raman
spectra do not allow deducing the location of all potassium cations.
Some potassium cations remain in K;MoS, that is not transformed
to MoS; as indicated by the Raman spectra of the sulfide catalyst in
Fig. 2b. The observation of MoO5 and octamolybdates (K/Mo molar
ratio of 0.5) after oxidation of the sulfide catalyst, however, sug-
gests partial segregation of potassium from Mo-containing phases.

4.1.3. X-ray diffraction measurements

The X-ray diffractograms of the catalyst in the oxide and the
sulfide form are shown in Fig. 3. The oxide precursor consists of
a mixture of K;Mo04 (PDF number: 00-024-0880) and K;Mo,0;
(PDF number: 00-036-0347), the latter phase is formed during
thermal treatment in synthetic air. After sulfidation, most of the
signals are characteristic of MoS, (PDF number: 00-024-0513).
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Fig. 2. Raman spectra of sulfide K;M00,4/SiO, catalyst observed typically (a) and in
few spots of the sample (b).



0.Y. Gutiérrez et al./Journal of Catalysis 280 (2011) 264-273 267

Intensity (a. u.)
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Fig. 3. XRD diffractograms of the oxide precursor (a), the sulfide K;Mo00,4/SiO,
catalyst (b) and the catalyst after the reaction of COS and H, to CH3SH (c). K;MoO4
(0), KzMo0,07 (x), MoS; (x), KyMoS; (v), and K,SO,4 (@®).

The peak at 10.3° (260) cannot be assigned to a defined crystalline
structure. We speculate that it corresponds to a K-intercalated
MoS, (KyMoS,, x < 1). The position of that peak and the relative
intensity of weak signals at 32.5 and 57.5° (26) are in accordance
with the powder diffraction data reported for intercalated MoS;
[26]. The formation of K,MoS, (cationic potassium) takes place
by the consecutive reactions (III) and (IV) [27].

K;MoO, + 4H,S — K;MoS, + 4H,0 (1)

2K,MoS; + 3H, — 2K,Mo0S; + (2 — 2x)K° + K, + 3H,S (IV)

The diffractogram of the used catalyst in Fig. 3 (line (c)) shows
that the initial structure of the catalyst was not preserved under
reaction conditions. The diffraction peaks attributed to K,MoS, dis-
appear, and new diffraction peaks corresponding to K,SO4 (PDF
number: 00-003-0608) appear at 21.8, 23.9, 29.9, 31.1, and 43.6°
(20). The formation of K,SOy4 is consistent with the excess of sulfur
found by elemental analysis in the used catalyst (S/Mo molar ratio
of 3.5). The crystalline K,SO, increases the density of the catalyst
and blocks some pores leading to the decrease in surface area
and pore volume per gram of material detected in the catalyst after
activity tests.

According to reactions (III) and (IV), K;MoS, was an intermedi-
ate in the sulfidation process, which was also indicated by the Ra-
man spectra described above. A separate K,S phase was not
detected by XRD or Raman spectroscopy implying that it had to
be highly dispersed and well-distributed in the catalyst. Under
reaction conditions, however, it reacted readily and irreversibly
with water leading finally to the agglomerated K,SO4 phase.

4.1.4. NO adsorption measurements

The concentration of NO adsorbed on coordinatively unsatu-
rated metal cations at room temperature for the sulfided catalyst
and the sulfided sample exposed to COS/He flow at 523 K are
shown in Fig. 4. The corresponding peaks of the NO pulses are pre-
sented in Fig. 3-S in the supporting information. In both cases, the
NO uptake is initially high, but decreases to zero as the maximum
uptake capacity of the sample is reached. The NO uptake of the
sample exposed to COS reaches steady state faster than the sample
after sulfidation, i.e., the concentration of the accessible coordin-
atively unsaturated metal cations is much lower in the latter sam-
ple. The total NO concentration taken up for the as-sulfided sample
is 229 pmol per gram of catalyst (molar ratio NO/Mo = 0.195),
while the concentration of NO adsorbed on the COS pretreated

Sulfided catalyst

NO uptake (umol)

0 ] Sulfidedand treated with
CcOos

1 3 5 7 9 1 13 15 17
Pulse number

Fig. 4. NO uptake at room temperature over the freshly sulfided catalyst (®) and
the sulfide catalyst exposed to COS/He flow at 523 K for 1 h (O).

sample is 113 umol per gram of catalyst (molar ratio NO/
Mo = 0.09).

4.2. Conversion of COS with varying H,/COS ratio

Three different conditions were studied to evaluate the influ-
ence of the H,/COS ratio, i.e., excess of hydrogen (H,/COS = 7), near
the stoichiometric ratio (H,/COS = 4), and hydrogen deficient (H,/
COS = 2). The conversion of COS is presented in Table 1-S in the
supporting information. The H,/COS ratio had a strong effect on
the conversion of COS. At 558 K, for example, the conversion of
COS was 63% with H,/COS = 2; it increased to 91% for H,/COS =4
and to 95% for H,/COS = 7. The main products detected were CO5,
CO, and CH53SH. CS; was also observed at low temperatures under
H, deficient conditions. H,O and traces of CH4 were detected in the
product stream above 560 K. Unfortunately, it was not possible to
quantitatively determine the concentration of water. The yield of
carbon oxides, CH3SH, and CS, are shown in Fig. 5. CO was the main
product at all temperatures with H,/COS ratios of 7 and 4 and tem-
peratures above 560 K at H,/COS = 2. Fig. 5a shows that at a given
temperature, the yield of CO, decreased with increasing H,/COS ra-
tio. At 560 K, for example, the yield of CO, decreased from 22% to
13% and 9.6%, when the H,/COS ratio varied from 2 to 4 and 7,
respectively. In contrast, the yield of CO increased with increasing
H,/COS ratio, for instance at 560K, from 22 to 64 and 75% by
increasing the H,/COS ratio from 2 to 4 and finally to 7. Fig. 5b
shows that CS, was observed only below 570 K at H,/COS = 2 and
below 510K at H,/COS =4. CS, was not detected at higher H,/
COS ratios. The yield of CH3SH reached its maximum at a H,/COS
ratio of 4 below 550 K. At higher temperatures, the yield of CH;SH
is favored by low H,/COS ratio.

4.3. Conversion of COS with varying H,/H,S ratio

Three series of experiments were carried out at H,/H,S ratio of
3.1, 1.4, and 0.6, at a fixed H,/COS ratio of 2.3. The conversion of
COS was almost complete above 573 K and was not influenced
by the H,/H,S ratio (see Table 2-S). The product yield is compiled
in Fig. 6. The variation of the Hy/H,S ratio did not affect the yield
of carbon oxides significantly from 450 to 560 K. At higher temper-
atures, the increasing H,/H,S ratio led to a decrease in the yield of
CO; and an increase in the yield of CO. Decreasing H,/H,S ratio de-
creased the yield of CS,, but favored the yield of CH3SH in the stud-
ied temperature range.
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Fig. 5. Product yield on sulfide K;M00,4/SiO,, at different H,/COS ratios (white symbols 7, gray symbols 4, black symbols 2). CO (circles) and CO, (squares) (a); CH3SH (circles)
and CS; (squares) (b). 3 MPa, 37 cm® min~" overall flow rate (residence time 0.68 s) and constant H,/H,S ratio of 4.5.
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Fig. 6. Product yield on sulfide K;M00,4/SiO, at different H,/H,S ratios (white symbols 3.1, gray symbols 1.4, black symbols 0.6). CO (circles) and CO, (squares) (a); CHsSH
(circles) and CS, (squares) (b). 3 MPa, 37 cm® min~"' overall flow rate (residence time 0.68 s) and constant H,/COS ratio of 2.3.

4.4. Conversion of COS with varying residence time

The effect of residence time was studied at 523 K and 598 K as
shown in Fig. 7 in terms of selectivity (the corresponding yield at
523 Kis shown in Fig. 10). At 523 K, the conversion of COS increased
from 41% to 60% with increasing residence time, CS,, CO, CO,, and
CH5SH being the main products. The selectivity to carbon oxides
was not affected to a significant extent by increasing the residence
time; selectivity to CS,, however, clearly decreased, whereas the
selectivity to CH5SH increased. At 598 K, the conversion of COS
was above 96.5% in all experiments. Carbon oxides, methyl mercap-
tan, and a negligible amount of CH,; were formed; CS, was not
detected. At low residence time, CO was the main product; however,
the selectivity to CO declined sharply at residence times higher than
0.72 s, while the selectivity to methyl mercaptan increased.

60 { o-CO -+ CO,
CH;SH -ecCs,

50 (a) 523 K
3
S 40w —
2
2 30+
-t
3
] 20
(/2]

10 1

0 T T T T T T T
0.5 1.0 1.5 2.0 25

Residence time (s)

4.5. Catalytic tests in the absence of H,

The product yields observed in the experiments performed in
the absence of H, are shown in Fig. 8. In the first experiment
(437-673 K), the conversion of COS increased from 23% to 29%
(not shown here). At 437 K, CO, and CS, were the only products.
CO was formed at 523 K, but declined afterward and only CO,
and CS, were observed again. In the second experiment, the tem-
perature was raised from 437 K to 523 K and then kept constant.
At 437 K, only CO, and CS;, were produced. At 523 K, CO was also
observed, but declined afterward. This indicates that the formation
of CO did not occur below 523 K and was residence time dependent
at higher temperatures. In both experiments, H,S was not detected,
whereas CO, and CS, were observed in equimolar amounts point-
ing to disproportionation of COS.

80

(b) 598 K

2]
o
L

2 ©Co

2 - CH,SH
2 40 1 ©CO,

-

& | ©CH

Q

n

N
o
L

Residence time (s)

Fig. 7. Product selectivity as a function of residence time for the hydrogenation of COS over sulfide K;Mo00,4/SiO; at 3 MPa, 523 K (a) and 598 K (b). CO (O), CO, (OJ), CH3SH (A)

and CS; (@).
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Fig. 8. Yield of CO (O), CO, (O), and CS; (A) obtained by passing a gas mixture of 8.5 vol.% COS in N, through the catalyst bed at 3 MPa and residence time 0.68 s. Yield as a
function of increasing temperature (a) and time (isothermally at 523 K) (b). The first measurement in (b) was taken at 437 K.
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Fig. 9. Product selectivity as a function of COS conversion in the reaction of COS with H, on bulk MoS, and sulfided K;Mo00O,.

4.6. Catalytic test of bulk MoS, and sulfided K;Mo00,

The selectivity obtained on bulk MoS, and sulfided K;Mo04
along with the conversion of COS is presented in Fig. 9. The
corresponding yields are compiled in Tables 3-S and 4-S of
the supporting information. With MoS,, the preferred product
was CO, whereas the selectivity to CO, and CH3SH was very
low. Only traces of CH; were observed. With sulfided
K;Mo00,4, CO was the main product in most of the conversion
range. Significant concentrations of the other products,
however, were detected. The selectivity to CO, and CH3SH
was initially higher than that to CO, but decreased with
COS conversion. CS, was detected at COS conversions below
20%.
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5. Discussion
5.1. Evaluation of the reaction pathway

The conversion of COS as well as the CO yield increased rapidly
at the temperatures from 498 to 538 K (see e.g., Table 1-S and
Fig. 5) pointing to the direct hydrodecomposition of COS (V) in line
with the thermodynamic equilibrium favoring CO in the reversible
reaction CO + H,S = COS + H; [28]. Thus, COS is concluded to rap-
idly decompose to CO and H,S in accordance with the fact that the
formation of COS by (I) is much faster than the subsequent reactions
in the synthesis of CH3SH from H,S-containing syngas [15-17].

COS + H, — CO + H,S (V)

(b)30
o CO,
251 ©CS, .
A CH3SH =
D_:__O’M/Q
—~ 201
e
T 151
2 A
> 10 1
5.
0 T T T T T T T
05 08 10 13 15 18 20 23

Residencetime (s)

Fig. 10. Yield of CO, (O), CS; (®), and CH3SH (A) over sulfide K;M00,4/SiO, as a function of COS conversion (a) and residence time at 523 K (b). The dashed line give the sum of

the yield of CH3SH and CS, (H,/COS = 2.3, Hy/H,S = 2.8).
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CO; and CS; are formed by disproportionation of COS according
to reaction (VI), as it was demonstrated by the experiments in the
absence of H, (Fig. 8) in agreement with Ref. [16]. However, in the
presence of H, the yield of CO, is always higher than the observed
yield of CS; (see Fig. 6). This low CS,/CO, ratio observed in the
product stream is related to the reaction of CS, with hydrogen to
form CH3SH according to Eq. (VII). This is deduced from the fact
that CS, is only detected at low temperatures and under H, defi-
cient conditions and that the increase in the yield of CH3SH occurs
in parallel to the decrease in the CS, formation rate (see Figs. 5 and
6).

2C0S — CO, + CS, (VD)

CS; + 3H, — CH3SH + H,S (VII)

Let us now discuss in depth the role of CS, in the reaction se-
quence. Fig. 10a shows the yield of CO,, CS,, and CH3SH as well
as the sum of the CS, and CHsSH yield (dashed line) as a function
of the conversion of COS (H,/H,S = 0.6). CO, and CS, are primary
products. In contrast to CO,, CS; is converted to CH3SH at increas-
ing COS conversion. The nearly equal concentration of CO, and of
the sum of the concentrations of CS, and CHsSH indicates that
CS; is quantitatively converted to CH3SH. While it should be noted
that the points in Fig. 10a are constructed of data measured at dif-
ferent temperatures, the identical behavior is also observed, when
the residence time is varied at 523 K (see Fig. 10b). This allows us
to conclude that CH3SH is solely produced by the hydrogenation of
CS,.

Methyl mercaptan is not formed by the direct hydrogenation of
COS according to reaction (II), because it would imply that a paral-
lel reaction would have to exist that forms CO, with a rate identical
to the sum of the rates to CS, and CH5;SH and that all these reac-
tions would have the same apparent energy of activation. These
potential reactions to form CO, would be the hydrolysis of COS
(COS+H0 = CO, +H,S) and the water gas shift reaction
(CO + Hzo - COZ + Hz)

Fig. 10a also indicates that below conversion of 40% (500 K), the
reaction (VII) is the rate determining step, because the CS, yield is
higher than the yield of CH3SH. At increasing temperature, the
CHsSH yield is higher than the CS; yield and at conversion of 60%
(540 K) or above CS; is not detected. This implies that the rate of
CS, hydrogenation exceeds that of the disproportionation of COS
under these conditions, i.e., reaction (VI) becomes the rate deter-
mining step.

As it is shown that the disproportionation of COS to CO, and CS,
is the first step of the overall reaction, CO, has to be formed at the
same rate as CS, and CH3SH together. This is the case below 573 K.
Above 573 K, however, the rate of CO, formation is lower than the
sum of the other two. Thus, CO, must be transformed at these tem-
peratures. The possibilities for the decrease in the CO, yield are
reactions (VIII) and (IX).

CO; + H, = CO + H,0 (VIIT)

CO, + H,S = COS + H,0 (IX)

To evaluate the relative rate of reactions (VIII) and (IX), the
difference of the CH3SH and the CO, yield in dependence of
the H/H,S ratio and the reaction temperature is presented in
Fig. 11. It is noticed that the difference (CHsSH yield and CO,
yield) increased as the H,/H,S ratio decreased, i.e., the higher
the concentration of H,S the more CO, was consumed. Therefore,
it is inferred that reaction (IX), in which CO, reacts with H,S,
dominates under the experimental conditions. Finally, the
presence of traces of CH, at complete COS conversion (Fig. 7b)
indicates the hydrogenation of methyl mercaptan to methane
(reaction (X)).

CH;SH yield — CO, yield (%)

T T T T T T T T
570 580 590 600 610 620 630 640 650
Temperature (K)

Fig. 11. Difference of the yield of CH3SH and CO, (the CO, yield was subtracted
from the CH3SH yield) at H,/COS = 2.3 and different H,/H,S ratios: 0.6 (0), 1.4 (A),
and 3.1 (O0).
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Fig. 12. Reaction pathway for the hydrogenation of COS over sulfide K;M00,4/SiO-.

CH;SH + H; — CH4 + HoS (X)

Thus, we conclude that the reaction pathway follows the routes
depicted in Fig. 12. COS rapidly decomposes to CO and H,S and in
parallel disproportionates to CO, and CS,. CS, is the species being
hydrogenated to CH3SH. At higher temperatures, CO, reacts with
H,S to form COS and H,0, whereas the reaction to CO by the water
gas shift reaction appears to be less significant. Methane is formed
by hydrogenation of CH3SH.

5.2. On the optimum conditions for the synthesis of CHsSH from COS

The synthesis of methyl mercaptan proceeds through the COS
disproportionation followed by the hydrogenation of CS,. Clearly,
the strategy to optimize the formation of methyl mercaptan either
from H,S-containing syngas or COS is to promote the COS dispro-
portionation, CS, hydrogenation sequence, and to suppress the
decomposition of COS. Increasing temperature and partial pressure
of H, accelerate the production of CH3SH. The rate of COS decom-
position, however, increases faster than the rate of other reactions.
Thus, the yield of methyl mercaptan is improved by increasing H,/
COS ratio only from 2 to 4 below 550K, and the CHsSH yield
reaches its maximum values at 540-580 K decreasing at higher
temperatures. The concentration of H,S is beneficial for the CH3SH
yield by increasing the concentration of COS available for dispro-
portionation via reaction (IX).

Thus, to optimize the yield of methyl mercaptan, it is necessary
to apply concentrations of H, not higher than the stoichiometric
concentration needed in the presence of H,S and to limit the reac-
tion temperature in a narrow range. For the system studied in this
work, for instance, the optimum conditions are 580 K, H,/COS =2
and H/H,S = 0.6. At this temperature, CS, is fully hydrogenated,
whereas the yield of CO and CH3SH is 36% and 31%, respectively.

The selectivity to CHsSH can be further improved by modifying
the catalyst formulation, e.g., using high surface area supports or
adding a second promoter to the catalyst as shown in Ref. [29].
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5.3. Active phases in the sulfide KxMo0,/SiO, catalyst

The catalytic activity observed is attributed to MoS,, which is
the main phase in the catalyst after sulfidation (XRD and Raman
characterization) and is known to catalyze reactions involving het-
eroatoms [30-32]. The initial mixture of K;MoO4 and K;Mo0,0 in
the oxide precursor is transformed to MoS, by sulfiding as deduced
from the in situ Raman spectra. In this process, the K cations tend
to segregate from Mo-containing species and only a minor fraction
remains as K;MoS, or is incorporated in the K,MoS, phase (XRD of
the sulfide catalyst). Because the K,MoS, phase is not preserved
during the reaction, we conclude that K* cations are not structur-
ally associated with Mo-containing crystalline solids in the active
material. However, K* cations decorate the MoS, surface as con-
cluded from X-ray photoelectron spectroscopy (XPS) analysis of
sulfide K;Mo04/SiO, catalyst (metal salt loadings close to
28 wt.%) [17]. For the studied catalyst, a fraction of K* adsorbs on
MoS,, while potassium species not associated with MoS, are spec-
ulated to form K,SO4 by reacting with oxidizing compounds (H,0,
CO,) and H,S under reaction conditions.

The segregation of the phases observed in the sulfidation-
oxidation cycle (Fig. 1) suggests that not all the MoS, phase is
decorated by K" probably due to the random distribution of K*
on the surface. The MoO3 observed in the reoxidized catalyst is
speculated to be formed from K*-free MoS,, whereas K4;MogO5g
forms from MoS; interacting with K* cations.

Thus, we conclude that two active phases, MoS, and K*-deco-
rated MoS,, coexist in the sulfide K;M00,/SiO, catalyst [33,34]. It
is worth clarifying the difference between the K,MoS, detected
after sulfidation and the K'-decorated MoS, phase. In the former
structure, K* cations occupy defined positions, i.e., they intercalate
between the MoS; slabs leading to additional reflections in the
XRD pattern. In the K*-decorated phase, the cations are distributed
randomly on the MoS; surface, thus they do not modify the crystal-
line structure of the MoS, cluster. It is not possible to differentiate
the pure MoS, phase and that decorated by K* by means of XRD.

The MoS, phase has coordinatively unsaturated sites (CUS) at
the perimeter of the (101 0) plane, which act as active sites in
hydrogenolysis and hydrogenation reactions [30-32]. The struc-
ture of the K*-decorated MoS,, i.e., the specific position of the K*
cations with respect to the CUS remains unspecified. It has been
proposed, however, that the presence of K" stabilizes oxygenated
intermediates preventing C-O bond cleavage in the synthesis of
alcohols and affects the electronic properties of the MoS, phase
[35-37]. In the synthesis of CH3SH from H,S-containing syngas,
the promoter effect of potassium on the selectivity has been re-
lated to the increasing concentration and the chemical environ-
ment of the Mo®" that can be expected at the not completely
coordinated Mo-edges interacting with oxidizing agents [17]. Thus,
we conclude that the active sites in K*-decorated MoS, are CUS.
The presence of K" in the active phase, however, modifies the

chemical and electronic environment of the active sites, i.e., the
relative rate of hydrogenation and C-S bond cleavage.

Bulk MoS, and sulfide K;MoO,4 were used in the reaction of COS
with H, to clarify the role of MoS, and K'-decorated MoS,, which
obviously has to form from the sulfided K;Mo00,. Fig. 9 shows that
the presence of K increases drastically the selectivity to CO,, CS,,
and CH5SH and reduces the selectivity to CO. This is in line with the
low conversion and poor CH5SH yield obtained in the synthesis of
methyl mercaptan from H,S-containing syngas using unpromoted
MoS, [14]. Thus, we conclude that the hydrodecomposition of COS
takes place preferentially at MoS,, whereas the disproportionation
of COS and the consecutive hydrogenation of CS, is catalyzed faster
on the K*-decorated MoS, phase.

Note that the bulk sulfide K;Mo00, catalyst leads to very low
conversion compared with the SiO,-supported counterpart. This
low activity is related to the low dispersion of the sulfides in that
case. Also note in Fig. 9 that the difference in product selectivity
between both bulk catalysts diminishes with increasing COS con-
version. This is related to the fact that the points for high conver-
sions have been measured above 540 K. At this high temperature,
the decomposition to CO is favored over the other reactions and
in consequence the promoter effect of potassium becomes less
evident.

5.4. Active sites for the decomposition of COS

From the experiments performed in the absence of H,, we de-
duce that the decomposition of COS to CO takes place at the CUS
in MoS, as depicted in Fig. 13. COS first coordinates to the CUS in
the MoS, structure. Then, the C-S cleavage results in CO desorption
leaving the sulfur anion at the CUS. This is supported by the fact
that the formation of CO stops in the absence of hydrogen (see
Fig. 8) after some time on stream, implying that the reaction only
occurs as long as accessible cations are available. Under the used
reaction conditions, the CUS are regenerated by the reaction of
hydrogen with the sulfur bridged Mo-edge of the active MoS,
phase [38]. In contrast to the dissociation of COS, the dispropor-
tionation does not cease in the absence of H; indicating that it de-
pends less or not at all on the presence of CUS in the MoS, phase.

Further evidence of the role of CUS in MoS, and K-promoted
MoS, is obtained by NO adsorption. NO adsorbs on the CUS of pro-
moted or unpromoted MoS,, thus the concentration of NO ad-
sorbed is correlated with the concentration of CUS in the catalyst
[39,40]. In the pulse experiments, the NO uptake of the sample ex-
posed to COS at 523 K was nearly 60% lower than the uptake of the
fresh sulfided sample. This is in line with the mechanism in Fig. 13,
because the concentration of CUS in the catalyst is drastically
diminished after flowing COS in the absence of hydrogen. Further-
more, the disproportionation of COS occurs faster than the decom-
position in the K*-decorated MoS,. Thus, the CUS in this phase are
less susceptible to deactivation and remain able to adsorb NO.
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Fig. 13. Mechanism for the formation of CO from COS at the coordinatively unsaturated sites (CUS).
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Fig. 14. Catalytic cycle for the hydrogenation of CS, to CH5SH at the coordinatively unsaturated sites.

5.5. Active sites for the hydrogenation of CS,

Two surface intermediates have been proposed for the direct
hydrogenation of COS to methyl mercaptan, i.e., adsorbed thiofor-
mic acid (HSCHO) and adsorbed methanethiol (CHsS) [16]. The for-
mer species has been postulated, but not observed, whereas the
methanethiol fragment has been observed by vibrational spectros-
copy on TiO,, Al,03, and MoS, [41-43]. Because the experiments
reported here indicate that CS, is the species being hydrogenated,
the intermediate formed cannot be related to thioformic acid, but
rather to a dithioformic-based molecule. The postulated overall
surface process that leads to the formation of methyl mercaptan
is illustrated in Fig. 14. CS, coordinates to a CUS in the first step.
Then, a nearby hydrogen atom reacts with the adsorbed CS, to
form a HSCS species. It has been confirmed by spectroscopic tech-
niques and ab initio calculations that the reaction between hydro-
gen atoms and CS, to form the HSCS species is spontaneous and
has low activation energy [44]. The rearrangement and interaction
of the HSCS fragment with hydrogen leads to the release of a H,S
molecule and one adsorbed methanethiol. Then, the combination
of the adsorbed methanethiol with hydrogen in the surface re-
leases the methanethiol, whereas the hydrogen atoms adjacent
to the CUS are generated by dissociative adsorption of H,.

At present, the exact mechanism of the rearrangement of the
HSCS species to adsorbed methanethiol can only be derived from
ab initio DFT calculations. The combination of a second hydrogen
atom with the HSCS species leads to the formation of a dithioformic
acid fragment (HCSSH) [45,46]. The decomposition of dithioformic
acid can take place by dehydrogensulfidation yielding H,S and
C=S or by dehydrogenation to CS, and H, [46,45]. The former
mechanism is favored over the dehydrogenation whichis wellinline
with the necessary H,S release from the adsorbed dithioformic
acid to form the methanethiol fragment (see Fig. 14). Interestingly,
the two pathways for the HCSSH decomposition can be assisted by
H, or H,S and can comprise the formation of a dithiohydroxy
carbene (HSCSH). This species, adsorbed in a CUS, could form the
methanethiol fragment after H,S release and hydrogenation.

Although the adsorbed species could interact directly with
molecular hydrogen from the gas phase, the hydrogen provided
by the surface SH groups seems to play a key role in the hydrogen
addition steps in the mechanism of Fig. 14. Chen et al. [17,29] have
reported the XPS characterization of sulfided K;Mo00,4/SiO, cata-
lysts and the synthesis of methyl mercaptan from syngas. In that
report the yield of CH3SH was related to the concentration of low
valence Mo and S species, i.e., (S-S)*~ and Mo**-S*>~. These species
form SH groups by heterolytic or homolytic dissociation of hydro-
gen [47,48]. Furthermore, the SH groups formed by the interaction
of the sulfide surface with H, or H,S under reaction conditions are

claimed to provide the hydrogen in hydrotreatment applications
[49-51]. As the active sites in MoS, and K*-MoS, are fundamen-
tally the same (CUS), the hydrogenation of CS, can take place on
both phases. The presence of K*, however, could promote the
hydrogenation of CS,, because it could increase the concentration
of SH groups in the surface via adsorption of H,S (K'+H,S+
$?2~ = K-SH + SH).

6. Conclusions

The synthesis of CH3SH over sulfide K;M00,4/SiO, is explored
using COS, H,, and H,S as educts. COS decomposes rapidly to CO
and H,S. In parallel, COS disproportionates to CO, and CS,. CS, is
the reaction intermediate that is hydrogenated to CH3SH. CO,
and CH3SH are consumed at high temperatures. CO, reacts with
H,S to COS and H,O, while the reverse water gas shift reaction
can take place to a lower extent. CHsSH is further hydrogenated
to CH4.

During the sulfidation reaction, the main phases present in the
catalyst are MoS,, K*-promoted MoS,, and K,SO,4. The MoS, phase
catalyzes the decomposition of COS to CO, whereas the dispropor-
tionation of COS and subsequent hydrogenation of CS; is faster on
the K*-decorated MoS; phase. The active sites in both phases for
the decomposition of COS and hydrogenation of CS, are CUS. The
role of the K* cations in the K*-decorated MoS, phase is to acceler-
ate the rates of the disproportionation of COS and of the hydroge-
nation of CS,.
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