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Abstract: K;MoO4-NiO/SiO, catalyst samples prepared by the co-impregnation method were calcined at different temperatures and atmos-
phere. X-ray diffraction, thermal gravimetric-differential scanning calorimetry, hydrogen temperature-programmed reduction, Raman spec-
troscopy, and electron spin resonance techniques were used to characterize the catalyst samples. The catalytic performance of the catalyst for
one-step synthesis of methanethiol from high H,S-containing syngas was evaluated. The results showed that the catalyst calcined in air sin-
tered seriously because of the heat release from citric acid oxidation. With the increase of calcination temperature, octahedral coordination
Mo(Oy) gradually changed into tetrahedral coordination Mo(Tg), which made the reduction of Mo®" more difficult, decreased the number of
CO adsorption sites (coordinatively unsaturated sites) of Mo, and at last led to the decrease of CO conversion. Methanethiol synthesis was
closely related to the Mo—S—K phase, and hydrocarbon synthesis was related to the MoS, phase. Compared with the catalyst calcined in N,
there were more MoS; phase and less Mo—S—K phase on the surface of the catalyst calcined in air, resulting in the higher selectivity for hy-
drocarbon and lower selectivity for CH;SH.
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1.1 ENFIRH &

B Ni(NO3),-6HO (43 Hr 2, 18 245 42 4] | g A 2
TRA 2 7)) FTKoMoOg (1 1)) 44 B 7K Bl 2 9 P il e 7K
B, 1) LTI N — 5 B AT IR (o B Al [ 2 4R
A 25 3R 0 2 \)) A e i, O F 2K (90 B
afi, [5 254 [ 1Ak 2530 A \)) 1 pHAE Y 5, 1
W 3k S10,(F Btk T R /A &, BET LL 3 1 A%
260.0 m*/g) AR BUR BT H P, 24 h )5 T 100 °C T,
43 BIAE 25 < 400, 500 A1 600 °C LA K A8 &< 500
°C K5 4% 2 h, HARVAHI 2 %3, B 15 K,;MoO4-NiO/
SiO, fi b 7 FE fh . I Fh KoMoO, 51 28 & LA MoO;s i,
h A TR 1R 25.0%; N1O F #8244 5 & 1 3%.
1.2 BUFIMRILE

XRD R AE7E Panalytical X’Pert Pro ! X i £ fi7
S AT, PR UE N Cu K, TAE LI 30 mA, TAE
H1 Hs 40KV, F 655 H 26=10°~70°.

TG-DSC W3R 7 Netzsch 7 7] STA 409 PC %4 £
BRI HAC AT, AR I 32 8, R R
40 ml/min, J} 534 % 10 °C/min.

H,-TPR FAEAE A 2% TPR & EHEAT. #E 5
i 50 mg, AL S 7R AR T HEL S 300 °C, W
HA H R, AR5 B 2 50 °C BEAT R THIRE 5. iE

JRSN 5% H-95% Ar -6, Yk 20 ml/min, T %
210 °C/min, F+il# {5 [# 50~800°C.

Raman I iX 7£ Renishaw UV-Vis Raman System
1000R YA 28 FHEAT. DL Ar™ 3OG 25 1) 514.5 nm 24
SO, F1YE B 100~1 200 em™, #7148 15 8] 50 s,
AR RE 2 1K

ESR #1L£F Bruker ER200D-SRC Y i ¥ A% it
7. H T2 5 mW, B A % 9.16 GHz, i il 4 %
100 kHz, i 15 5 6.0 Gpp, 1:.003% 3312.26 G (1 G =
107*T), $14# 98 /% 2 000 G.
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TEANEE AN [ 5 PR SN, 245 Hh b AT (i A 70035 P8 1) 7
Hr. AL FIBE R 0.5 ml, [ B AU AL 7 SE 4 AU
7 400 °C 1E Jit 8 h. JURF T Ha: CO t HoS - N MR LE
J5:5:10:1, GHSV=3 000h™", J2 /. 7E 0.2 MPa, 300
°C AT N HEAT . N )R ) El RO £ AR
(GC-950 2, bifgifg ik (iAW 88 A ) fE 453 #r. TCD
I 2% (TDX-01 Bk 73 0t A, #1142 m, Hy I #8050 M
F- 43 1 Ny, CO 1 CO,; FID £l %% (GDX-103 43, £
K2 m, Ny A 80) M T 40 B ke A i FPD Al 2%
(HP Plot Q B4 4 (4 il 4%, A K 30 m, 12 0.53 mm,
N, HEA) AT S &4, N 8h & H AR B
W, P ) B R, R A R B R, B B
A HE AT

2 HR5WE

21 XRD%HR

AN TR B AR RS B 1 KaMoO,-NiO/SiO, 1
AT XRD 35 Wi 1 F . i B ) L, RSB 1 AL
FIALE 20=20°~30° &b 1) 2 AL U Sy 244 S10, AT 4 I,
AR I HE IE e B S AT S XU B A PR A A AR A
AR 43 WL, A B I 58 PR b A 24 AR ) 7 25 5
H1 400 °C Ko, LT #8299 11 KoMoOy fiT 5 i 1f
R R be I B, AT O 0 WY 1Y A, SR
KoMoO, R 42 I 2 K K. i 4b 5778 200 500 °C 4%
B, B KoMoOy AT S W41, 38 8 I H A1 K,Mo,05 fiT
S, 5235k 500 °C B B8 IR 46 R AR L, 3L
KoMoO, {7 5 06 W 5 ek 55 . B AR AR A0 57 Hh NiO #1238 i
1115 3%, {H XRD 1 R s I H B {2 1) NiO 8¢ NiMoO,
(AT 5 0. 3% nT B8 A2 BT NiO 5 KoMoO, 72 fi# 1k 77
FMAE Y T JE 8 T Ni-O-Mo #)Fi.
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Fig. 1. XRD patterns of K;Mo00O4-NiO/SiO, catalysts calcined at
different temperatures and atmosphere. (1) Without calcination; (2)
400 °C in air; (3) 500 °C in air; (4) 600 °C in air; (5) 500 °C in N,.
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Fig. 2. TG-DSC curves of KyMoO4-NiO/SiO; catalyst detected in air
(a) and in N; (b).
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Fig. 3. H,-TPR profiles of K;M004-NiO/SiO; catalysts calcined at
different temperatures and atmosphere. (1) 400 °C in air; (2) 500 °C in
air; (3) 600 °C in air; (4) 500 °C in N,.
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Mo 4R 1) 43 #0135 1 0 Bl AT R O 5 55 /N (R A2
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Fig. 4.
KoMo004-NiO/SiO; catalyst calcined at different temperatures and
atmosphere. (1) 400 °C in air; (2) 500 °C in air; (3) 600 °C in air; (4)
500 °C in N,.

Raman spectra of oxidized (a) and sulfided (b)
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D7 A ED. XA BE L A MoO> W)l rb i 48 36 40 1
BRI, 53 Mo b HEL 7 2 %5 48 0, Mo=0 & fig 1%
K. A LAHE IR, Mo=0 & A 1) 4 Bk i B AR 19 8k 2,
Mo=0 i 3 4 2y Vg [n] w5 4077 1) % 2y 43 1K . BT,
868 A1 925 cm™ I T I )& T MoO,S, >~ ¥y Ff 3y 3
Mo=0 if K Fil [ K Bk A 4 s 51220, Bl 45 A< b s o6
LR 1 T R, Mo, i 20 U W 5t 184 53, () B 868 om ! Ak
P 2y Ve AR 8 BRI AE A R R A EE A R
T MoS, 18 B, HAF F 6 1 A, ik,
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YA 2y W6 5 B AR AR v, A AR U R R I
AL TR By Bl R Ak, A A 771 2 T AH 67 4040 P 2
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25 ESR&R

K 5 ki 4k 2 K,Mo0,-NiO/Si0, fi 1k 71 (1) ESR
e DUE B I g 558 1.90,2.00 F12.15 =4
FEARAE 5. Park 250K g =1.93 35N 55 844 AH 1 AF
H 1% 8 Bl oxo-Mo™ 15 %5, g = 2.00 4 fii £0 [
sulf-Mo®" B it 424 Bl 4 [l oxosulf-Mo™" [ {5 %5, g =
2.11 2 55 Ni A AR ) Mo I L3R 15 5. Woo 25124
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Fig.5. ESR spectra of sulfided K;MoO4-NiO/SiO, catalyst calcined
at different temperatures and atmosphere. (1) Without calcination; (2)
400 °C in air; (3) 500 °C in air; (4) 600 °C in air; (5) 500 °C in N,.

F5 A I Mo> —S—Co* il Co—S W Rl (I IR 15 5. 1524
K A7 4E I, oxo-Mo™ ) g {8 H1 1.93 F# % 1.91%°1 [A it
g = 1.90 Al g, = 2.00 (1 3L 4 W v 2 5 5 )& T
0x0-Mo’ " Fll oxosulf-Mo™ [ SR 15 5, g3 =2.15 [ %
I 1 5 Mo’ —S—-Ni*"fll Ni—S ¥ Fh (1) JL 4R 155 5. vl LA
A, 23S RS B It A A AR R R I oxo-Mo®!
(K115 5, oxosulf-Mo™ {5 5 5 55 ; B %5 K5 bedid /&£ 1 T+
51, 0x0-Mo™ & B IR Wk /D . X U W A% A R R I
e T 458 A A0 JRUORD G Ak, EL i o R B R S 1 T
Mo 47 B M 40 . A 6% Jo AN AE 250 e e T A 4K
FIZ 1T oxosulf-Mo® 1) L {5 5 5 i, Ut W1 i A4 751 %
T A7 K F 6 L PR B 0 P, A A 390 5 400 D R0
k. iX 5 Raman 45 5 — 5.
26 EEFIFHIFMER

21 R RB 4R KaMoO,-NiO/SiO, fi: Ak 71 i
oA R BR BE PR BE I 2 . aT LUE Y, BE S RS
TS R T v, 2 A S e 11 i A 7 ) B R T AR T

1S7A
o

/IS, TS 500 °C B 958 1R A 40 7R 11 b 3K TR ATS
PREFI KT X B0 AE 23S P RS R I, AP R IR A Ak
R Jpe Jill Z4 T A B A R P R A AR AU R e
1) A4 A0 700 1D 38 P 5 R R Joe 1 e A R0 AR 4B, B 2 o T
TR AL Bl RS 7R A b R R i R T T
i, AT B CO e 1 5 TR i JE 3k 488 18 3 9 A1
COS T B HZ Wi T+ =

HH ESR 1 H,-TPR 45 5 1] 41, Biti A5 {4 A4 71 715 <
HHRE BE U R 1R T R, JEL SR T P R R SR A e i
Ji, DR T 5 A 25 A 791 2 THAER A0 285 180 A7 A T 1
Mo 1. (Mo(CUS)) #k />, 1fii CO {1 Bt 55 Mo(CUS) 4%
2 A S0 T A e R 6 IR HE AR R | CO et R
IR

Mul % Vf1 Chen 255 R W1, 76 S iAW A&
J R R I I FE R, CO SE 5 HLS e 2R ik COS,
SR G COS F N4 AR Fle F AR I . A SC b Bt 3 AL 75 6
Bl SR T, O Bk PEVE R N, T COS I ¢
MW T, A A B N R AR, L W R R COS
(A AL — AN B, T COS &L A= i HE A I A 3
Ry R, g0l mil e e S, A N R )
BT s, Li 257 e 2R B0 A A ) b, B 4 ) T Bl
15 CO [ fift 25 W B 5 2 4k n & 47, AT #9461 CO g
il BATHT A0 50 45 R R W], BRI AR S
MoS, A K, 1 it B ¥ 2E % 5 Mo—S-K AH % 1) A
1281 2K 52 v Raman 1 ESR 45 5L 3£ W, 7625 th b
ERBEIRE T m, MoS, S BB W m, H
MoO,S, >~ b i (55 B 1532 T ARG, 1A 752 T 11
Mo-S-K AHZE # ik /b . Al I, 8 500 R 08 10 i 10 51
R WA KEN oxosult-Mo™ ¥y Fh, 18 4k 5 o 11
MoO,S, » WAl F & B3 6 = e i, Ak 7 R 1 B
JR T 5 % 16 Mo—S—K AP PR, Bt 5 25 /< 8 e i
JEE TR T v, AR A 75 b R 3 R S B, AEL R
TEPEPEEN A BT . i U e R i A ) B R

F 1 BREMHI K;MoO,-NIO/SIO, fE XTI 1L & A R BT EE 1E 4 BY 52

Table 1 Effect of calcination conditions on catalytic performance of K;M004-NiO/SiO, for methanethiol synthesis

Calcination

Selectivity (%)

temperature (°C) Atmosphere ABET/(mZ/g) CO conversion (%) CH. CH.SH COS co,
— — 125.3 72.6 0.1 38.7 17.8 43.4
400 air 72.0 68.3 0.1 35.7 21.4 42.8
500 air 34.8 56.5 0.2 30.8 30.7 38.3
600 air 13.5 30.2 0.3 19.0 64.0 16.7
500 N, 107.4 67.3 0.1 37.9 19.6 42.4

Reaction conditions: H,:CO:H,S:N, = 5:5:10:1(¥/¥), GHSV = 3000 h™', 0.2 MPa, 300 °C, 8 h.
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