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ESR and XPS are used to study the Mo-based catalystssMa@0O3/SiO, and KoMoO4/SiO, prepared with two kinds of precursors,
(NH4)eMo07024-4H,0 and KkM0O4. The catalytic properties of the catalysts for methanethiol synthesis from higkchintaining syngas
are explored. The activity assay shows that the two catalysts have much the same activity for the reaction. By the ESR characterization
of both functioning catalysts, the resonant signals of “oxo-Mo(\)"= 1.93), “thio-Mo(V)” (g = 1.98) and S ¢ = 2.01 or 2.04) can
be detected. In the catalyst Mg3iO, modified with KoCOg, as increasing amounts oK O3 are added, the content of “oxo-Mo(V)”
increases, but “thio-Mo(V)” decreases. The XPS characterization indicates that Mo has mixed valence stafds bfdWd and M+,
and that S includes three kinds of specie§:— $161.5 eV), [S—Sﬁ— (162.5 eV) and 8" (168.5 eV). Adding KCO3 promoter to the
catalysts, the Mo species of high valence state is easily sulphided and reducegS@Mb‘oxo-M(V)”, and the derivation of [S—%‘] and
S~ species from S is promoted simultaneously. The methanethiol synthesis is favored if the mole rati@*of—l(MMD5+)/Mo4+ <0.8
and $~/[S-SF~ is kept at a value of about 1.
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1. Introduction 2. Experimental

. . .. 2.1 Catalyst preparation
As an important material used to produce medicine,

pesticide and methionine, methanethiol was convention- The catalysts were prepared by the method of incipient
ally prepared by several methods such as catalytic thermygetness. The catalystK1004/SiO, was prepared by de-
condensation of b5 under pressure, the reaction of KH$ositing KxMoQO4 in an aqueous solution on Sithen dried
with halogenated methane, the hydrogenation of dimetai 120°C; MoOs/K2CO3/SiO, was prepared by deposit-
sulfide and so on [1]. When examining the effects eSH ing K2COz and (NHy)gM07024-4H,0 on SiG in sequence,
on the catalytic performance of Mo—S—K/Si@r the syn- then dried at 120C, and followed by calcining at 30C.

thesis of mixed low-carbon alcohols, our laboratory firstly

found that the mixed low-carbon alcohol disappeared and tR&- Activity assay of the catalyst

methanethiol selectivity was over 90% when the concentra-

. . The catalytic reaction for methanethiol synthesis was car-
H 0,
tion of HoS in syngas was over 1.6% [2]. We have extendertlj | out in a two-cell fixed-bed r tor with 0.5 ml of cata-

this research to a series of methanethiol syntheses base%,gp per pass. The activity was measured under the reac-
catalysts prepared from (N§bMoSs and KoMoSa. - The 4o congitions of 0.2 MPa, 29%, GHSV = 3000 ',

preparation method of this kind of Mo—S-based catalyst COP(CO):V(Ha): V(HpS) = 2:7:1. The reaction products
sists of numerous steps. In particular, impregnation Wi@ﬁydrocarbon and mercaptan) were analyzed by a gas chro-
a DMF [(CHg)2NCOH] solution is used. In order to sim-matograph (GD-102) with a GDX-103 column of 2.5 m at
plify the preparation and obtain some ideal catalysts, catg20°C, and methane was used as an external reference. All
lysts of the composition MogK>COs/SiO, prepared from the data were taken after 12 h reduction of hydrogen and 8 h
(NH4)eM07024-4H,O were used as a chemical probe tof reaction when the steady state was achieved.

study the active phase of 2 KI004/SiO, catalyst systems

and their catalytic properties. ESR and XPS techniques we&. Characterization

used to characterize these catalysts. The paper aims to get a ]

better understanding of the catalysts and provide an impor-ESR measurements were performed by using a Bruker
tant reference for starting a new technological procedure pR200D-SRC spectrometer; the output power is 20.4 mW,

thanethiol broduction f highJS-containi . microwave freque'ncy is 9.71 GHz, modulating amplitude
methanethiol production from higha$-containing syngas 6.3 Gpp, modulating frequency 12.5 kHz. XPS character-

* To whom correspondence should be addressed. ization was carried out by using a VG Escalab Mark-I1l ap-
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Table 1
The results of activity assays for methanethiol synthesis oy&tdO,4/SiO, catalysts?
Catalyst Surf. CcO Selectivity (%) Yield of
(m/m) area conv. Hydrocarbon Mercaptan £3H
mgl) @) & C C G C  (ghlgg)
KoM0O,/Si0p2
2/20 - 18.5 0.5 0.1 0.1 99.2 - 0.23
3/20 - 30.4 0.9 0.1 0.1 98.9 - 0.38
4/20 - 37.6 1.1 0.1 0.1 98.8 - 0.47
5/20 67.2 46.0 0.7 0.1 0.1 99.1 - 0.58
6/20 - 39.8 0.8 0.1 0.1 99.1 - 0.50
7120 - 36.9 1.2 0.1 0.1 98.6 - 0.46
8/20 30.5 1.2 0.1 0.1 98.7 - 0.38
KoM0S,/Sio,P
5.6/20 51.1 3.2 1.6 0.01 - 97.1 1.2 0.1

aReaction conditions: 295C, 0.2 MPa, 3000 hl. The amount of Mo@ was taken to express that of
KoMoOy.
P From [3]. The amount of Mogwas taken to express that 0hKI0S,.

Table 2
The results of activity assays for methanethiol synthesis over ECO3/SiO, derived from
(NH4)6M07024-H0/Si0,.2

Catalyst Surf. CO Selectivity (%) Yield of
(m/m) area conv. Hydrocarbon Mercaptan £3H
mg™d % & C G G C (ghlgg
MoO3/SiO, (5/20) 56.1 03 643 255 10.2 - - -
MoO3/K2CO3/SiOp
5/2/20 - 17.5 35 0.15 0.15 96.2 0.1 0.21
5/3/20 53.8 29.8 22 0.1 0.1 97.7 - 0.37
5/4/20 - 22.6 1.7 0.1 0.1 98.1 - 0.28
5/5/20 - 21.9 14 0.1 0.1 98.4 - 0.27
5/6/20 - 11.5 1.1 0.2 0.2 98.5 - 0.14
M0S,/Si0, (6/20f 0.3 439 56.1 - - - -
MoS,/KoCO3/Si0y2 49.1
6/3/20 46.2 0.8 126 316 34 222 02 0.005
aReaction conditions: 298C, 0.2 MPa, 3000 ht. The amount of KO was taken to express that of
K2CO;.
P From [3].

paratus with Mg K radiation. C at BE= 284.7 eV was (5.6/20) prepared from #Mo0Ss. No significant deacti-
chosen as an internal reference. All procedures of transfeation has been found after 100 h running in the present
ring samples into the XPS chamber were conducted in study.

atmosphere of purified nitrogen. The peak deconvolution Previous studies of the phase dependence of catalytic ac-
and fitting was performed by using software of SpXzeigR2 ity for materials prepared from (Nf}2MoS; and KaMoS,
running with Igor Pro and Gaussian—Lorentzian line shap@dicated the formation of a new “Mo—-S—K” phase gener-
fixing both spin—orbit splitting and the relative intensity ohted during the reaction of alkali potassium salt [3]. The
spin—orbit components. content of Mo—S—K was closely related to the formation
of methanethiol. The same product distribution over both
the sulfided catalysts #004/SiO,; and KaMoS4/SiO, ap-
peared to be related to the “Mo—S-K” phase on the surface.

The results of activity assay of the,KloO4/SiO, cat- In order to test the assumption of the existence of a “Mo—
alyst prepared from gMoQy for methanethiol synthesis S—K” phase, the catalyst, MafX>COs/SiO;, was prepared
are listed in table 1. It can be seen from table 1 that tiy impregnating (NH)sM07024-4H20 on the SiQ, which
methanethiol selectivities onK100,4/SiO; catalysts are as was pre-modified with KCOs. The results of activity assay
high as 98-99%, in particular, on theloO4/SiO, (5/20) are listed in table 2.
catalyst, the selectivity is found to reach 99.1% and the spaceTable 2 shows that the catalyst Mg/SiO, is sim-
yield of methanethiol is found to be 0.58 gjlfg(;alt being ilar to MoS/SiO; in that they have no ability to cat-
four times higher than that on the catalystNMM0S4/SiO,  alytically produce mercaptan. However, for the catalyst

3. Resultsand discussion
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Table 3
The results of activity assays for methanethiol over the catalyst regenerated from deactpM@0£SiO,
(5120)2
The regeneration Reaction CcoO Selectivity (%) Yield of
conditions of the time conv. Hydrocarbon gBH CHsSH
deactivated catalyst (h) (%) 1€ C; Cg @h*geap)
Calcining at 300 C under 2 - 6.5 15 1.9 91.2 0.36
Ny for 3 h 4 - 41 1.0 1.1 93.7 0.45
8 46 2.6 0.1 0.1 97.1 0.57

After 48 h of drop 2 - 6.3 09 05 92.3 0.29
temperature to 2%C in 4 - 4.4 06 04 94.5 0.45
feeding syngas 8 44 4.3 05 04 94.8 0.52
Calcining for 3 h under 2 - 327 152 80 44.1 0.01
air at 295°C, 4 - 295 138 7.7 48.9 0.01
then reducing with K for 12 h 8 1.7 26.7 127 6.9 53.8 0.02
Adding 15% KyCOg3 to 2 - 7.9 8.8 7.4 75.7 0.06
the catalyst calcined for 4 - 5.4 7.5 4.5 82.6 0.07
3 h under air at 295C, 8 7.0 4.9 65 4.2 84.3 0.08
then reducing with H for 12 h
aReaction conditions: 295C, 0.2 MPa, 3000 ht.

MoO3/K2CO3/SiO, with 10-30% of KCOs the selectiv- 4

ity for main product CHSH is found to be up to 96— -9

98%. The selectivity for methanethiol on the catalyst Mb6O

K2CQOs/SiO, (25/15/100) with excellent catalytic activity is L

found to reach 97.7%, and the yield of methanethiol is found
to be 0.37 gh? gc‘alt. A product distribution similar to that
on the Mo$S/K2COs/SiO, catalyst is observed (table 1). It “2Apeseomo-
can be reasonably inferred that the catalysts prepared from
the two precursors may have the same catalytically active o
phase. -
Table 3 shows the results of the activity assays for=
methanethiol synthesis over the catalyst regenerated from
deactivated KM0O4/SiO,. From table 3 we can conclude
that after calcining at 308C under N for 3 h or for 48 h -
of drop temperature to 2% in feeding syngas, the activ-

A(1.80,-2.10)

________ B(1.87,-2.40)

!
)
ity of the catalyst can recover, only 3-9% dropping of both  _3 s :
selectivity and the yield of CkBH was found. However, !
after calcining for 3 h under air at 298, the catalyst al- 1 L | T
most deactivated. Though adding 15%GC0O;s to treat the 175 1.80 1.85 1.90
deactivated catalyst the selectivity for @H can increase
to 84.3%, the yield of CKSH and conversion of CO main- 1 X10°(KY)
tained at very low level. Ifitis necessary to stop the reactiop, ) )
the functioning catalyst should be protected bythen drop P'gure 1. Curve of log/ \}g;ﬁéﬁ /TS;‘ngtQaet;%//r:thegs of methanethiol over
temperature. '

Figure 1 shows the relation of 16g(V stands for the re- “thio-Mo(V)” (g) = 2.06,g, = 1.98) in the environment
action rate) and AT of the KxMoO4/SiO; catalyst at tem- of S. They also concluded that the resonance signals are gen-
perature range of 255-296. According to the Arrhenius erated by the phases of Mp$ke and unconcerned in the
formula the reaction activation energies can be figured outarriers. Silbernaget al. [7,8] obtained these signalg(=

E — _2:303x8314x[-2.10-(-240] _ g4 5 kJ mol-L 2.04, ¢, = 2.004) also and considered that these signals
= 3 = 84. . ! S
(1.802-1.870)x 10~ are generated by the “thio-Mo(V)” which lies on the edge

Figure 2 represents the ESR spectra of functioning Mof MoS; crystal with low symmetry. Derouaret al. [9] as-
based catalysts. It can be seen from figure 2 ghatsonant signedg = 2.01 andg = 2.04 to the resonant signals of S.
signals appeared at 1.93, 1.98, 2.01 and 2.04. Korghgs From figure 2 (a)—(c), it can be seen that as mof€®s
al. [4—6] assigned the resonant signalgf= 1.93 to the isadded, the resonance signatof 1.93 increases, indicat-
“oxo-Mo(V)" caused by reaction of Mo species with carrieing on increases of the content of “oxo-Mo(V)”. The “oxo-
and surrounded by O atoms, and thatgo= 1.98 to the Mo(V)” content of KxMoO4/SiO, (figure 2(d)) is found
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Figure 2. ESR spectra of the Mo-based catalysts in the functioning 240 236 232 208 224
state: (a) Mo@/SiO, (5/20), (b) MoQy/K2COg3/Sip (5/3/20), (c) MoQ/
K,CO3/SIiO, (5/4/20) and (d) KM0O4/SiO; (5/20). E.B(eV)

Figure 3. Mo(3d) XPS spectra of the Mo-based catalysts in the func-
to be equal to that of MoglK,COs/SiO, (5/3/20), which tioning state: (a) Mo@SiO, (5/20), (b) MoGy/KoCOs/SiO, (5/3/20),
has a higher catalytic activity. It shows a close relation- (c) MoO3/K>CO3/SiO; (5/4/20) and (d) KMoO4/SiO; (5/20).
ship between the existence of “oxo-Mo(V)” and the addi-
tion of K20, in agreement with the inference proposed by
Kantschewa and Delanney [10], namely, the existence of K

Table 4
Bonding energies of the functioning Mo-based catalysts.

favors the formation of stable Mo(V). Probably it is for the~atalyst EB (Mo 3¢)7) (eV) Content (%)

sake of that both KO and O-terminate on carrier restrainedm/m) Mot Mo>" Mo* Mo®t Mot Mot

the deep reduction of Mo. Figure 2 also shows that the reg00,/sio,

onant signal ¢ = 1.98) of “thio-Mo(V)” decreased as the 5/20 2335 2319 2291 205 243 562

amount of KCO3 added increased, and that the signal g0o03/K2CO5/SiO;

much more weaker than that of “oxo-Mo(V)". The interpre- 3/0/20 283.7 2321 2291 483 156 361
5/3/20 233.3 231.9 2288 217 226 557

tatlop of this observation may b_e as follows: through the 2,420 2329 2317 2980 120 216 664
S-bridge, the electrons of potassium are delocalized to Mo,
thus weakening the interaction of Mo—O-Si. This leads to
easy sulfidation and the subsequent reduction ofvim ble 4. From table 4 the mole ratio, (¥t + Mo°*)/Mo**,
Mo*+ [11,12], forming the new “Mo—S—K” phase. of MoO3/K2CO3/SiO, (5/3/20) with excellent catalytic ac-
Figure 3 shows the Mo(3d) XPS spectra of Mo-based cdivity was counted to be 0.8, and this is close to that of
alysts. The peaks at 229, 232 and 233 eV may be ascribedMoO4/SiO; (figure 3(d)).
the mixed valence states of Ko, Mo®* and M@+ [13,14]. Figure 4 shows the S(2p) XPS spectra of functioning Mo-
From figure 3 (a)—(c), it can be seen that the content bfised catalysts. In figure 4, the peaks at 161.5 and 162.5 eV
Mob* decreases gradually, and those of ¥and Md™ can be assigned to®S [11] and [S-St~ [15]; the broad
increase as the amount 0b&0; added to Mo@/SiO, is peak at 168.5 eV can be ascribed to overlapping 6555
increased. This indicates that the addition ofCOs fa- (168.5 eV), S@f (166.6 eV) and Sﬁf (169.1 eV) [16,
vors the formation of M&" and Md*". The literature [15] 17]. On MoQy/SiO; (figure 4(a)), the broad peak at about
suggests that, for the species of %o Mo+ and Md"™, 168.5 eV is known to be the main peak, implying that the S
AEp = Ep(Mo 3ds/2) — Ep(Mo 3ds2) = 3.1 eV, and species may existas93~, S~ or SO; . However, when
for the same M&" (Mo 3ds/2)/1(Mo 3ds/2) = 1.5, where K,COgz is incorporated into Mo@SiO; (figure 4 (b) and
I(Mo 3ds/2) andI(Mo 3dz/2) stand for the intensity of the (c)), the peaks of both®S and [S—S}~ become main peaks.
spectra peaks of 3¢b and 3a&/2, respectively. Based on thisSimilar results are observed fopKIoO4/SIO; (figure 4(d)).
assumption, the decomposition of the spectra is listed in f@er the MoQ/SiO; catalyst, with less reactivating, the peaks
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MoO3/SiO, leads to the formation of mercaptan as a
main product under the same conditions, and the prod-
uct distribution is found to be the same as that on the cat-
alyst KaMoO4/SiO; prepared with KMoO4, The active
sites for these conversions appears to be the new “Mo—
S—K” phase.

(2) The ESR characterization shows that there exist rela-
tively more “oxo-Mo(V)” which does nothing to the for-
mation of methanethiol and less “thio-Mo(V)” which
favors the formation of mercaptan in bothbMoO4/
SiO; and MoQ/K2CO3/SiO,. As the more KCO;3 is
added, “oxo-Mo(V)” increases and “thio-Mo(V)” de-
creases.

(3) XPS characterization indicates that the addition of
K2COs to Mo-based catalysts is in favor of the forma-
b tion of Mo>t, Mo*t, S~ and [S-S}~ species, and it
a will benefit the methanethiol synthesis to keep @¥lo
+ Mo®t)/Mo*t < 0.8 and & /[S-SF~ close to 1.
1 1 1 1 1 ] d
172 170 168 166 164 162 160 158
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