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Abstract — This study was aimed at the development of catalysts for the direct methanol synthesis by partial oxidation
of methane. Mo-Bi-V-Al mixed oxide catalysts were prepared and characterized and used in the direct methanol syn-
thesis reaction. The catalysts prepared by the sol-gel method had much larger surface areas than those prepared by the
co-precipitation method. The larger the surface area was, the less the methanol selectivity was. The catalysts having
larger surface area facilitate the complete oxidation of methane, decreasing the selectivity of methanol. The catalysts
prepared by the sol-gel method showed higher methanol selectivity of 13% at 20 °C lower temperature than those pre-
pared by the co-precipitation method. Through XRD analysis, it was revealed that the structures of the catalysts pre-
pared by the two methods were different. In the reaction, methanol selectivity increased and carbon dioxide selectivity
decreased with pressure due to the suppression of complete oxidation reaction at a high pressure.
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Table 1. Possible reactions of methane oxidation

Reaction AG? (kJ/mol)
CH, + 1/20, - CH,OH ~862
CH, +3/2 0, - CO +2H,0 -571.1
CH, +2 0, — CO, +2H,0 ~792.9
CH, + H,0, > CH,0H + H,0 -236.8
1/20,+C0O - CO, -217.6
2/3 0, + CH;0H - CO, + 2H,0 ~700.0
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Table 2. Materials for catalyst preparation
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Table 3. Catalyst Naming and Composition

Catalyst Component Feature
Cat. A Mo-Bi-Mn 1:1:1 -
Cat. B Mo-Bi-V 1:1:1 -
Cat.C  Mo-Bi-V-Al 1:1:1:7
Cat.D  Mo-Bi-V-Al 1:1:1:7
Cat. E  Mo-Bi-V-Al 1:1:1:7
Cat.F Mo-Bi-V-Al 1:1:1:7

Co-precipitation method
Sol-gel method [H,O]/[ATSB]=1.5/1
Sol-gel method [H,O)/[ATSB]=5/1
Sol-gel method [H,O]/[ATSB]=9.5/1

Precursor Name Company
AI[OCH(CH,);CH,CHjs]; Aluminum tri-sec-butoxide ACROS
(NH,)¢Mo,0,, 4H,0 Ammonium molybdate SAMCHUN CHEMICAL
AI(NO;); 9H,0 Aluminum nitrate JUSEIL
Bi(NO3); 5H,0 Bismuth nitrate pentahydrate JUSEI
NH,VO, Ammonium metavanadate SAMCHUN CHEMICAL
C,H;OH Ethyl alcohol SAMCHUN CHEMICAL
NH,OH Ammonium hydroxide SAMCHUN CHEMICAL
HNO, Nitric acid DAEJUNG
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Fig. 1. Procedure for catalyst preparation by sol-gel method.

‘ Metal precursor ‘
Water 200 ml ——— ——— 1

‘ Stirring ‘ 1 hr, 40 °C

+
Precipitation ‘ pH7
+
‘ Drying
+
‘ Calcination
¥
‘ Sieve (45~70 mesh) ‘
¥
‘ Catalyst ‘

0.1M NH,OH —>‘

‘ 12 hr, 110 °C

‘ 5 hr, 500 °C

Fig. 2. Procedure for catalyst preparation by co-precipitation method.
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Fig. 3. Schematic diagram of experimental apparatus.

1. He gas 8. Furnace
2. CH, gas 9. Temperature controller
3.0, gas 10. 3-way valve

4. Check valve
5. Mass flow controller
6. Pressure gauge

11. 6-port sampling valve
12. Relief valve
13. Bubble flowmeter

7. Reactor 14. Back pressure regulator
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Fig. 4. SEM images of Mo-Bi-V-Al sol-gel mixed oxide catalysts pre-
pared at different [H,O]/[ATSB] ratios and calcined at 500 °C

for 5 h.
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Fig. 5. Surface areas of Mo-Bi-V-Al sol-gel mixed oxide catalysts pre-
pared at different [H,O]/[ATSB| ratios and calcined at 500 °C
for 5 h (Cat. D: [H,0)/|ATSB|=1.5/1, Cat. E: [H,O]/|[ATSB|=5/
1, Cat. F: [H,O])/[ATSB|=9.5/1).
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Fig. 6. Methane conversion of Mo-Bi-V-Al sol-gel mixed oxide cata-
lysts prepared at different [H,O]/[ATSB] ratios and calcined at
500 °C, for 5 h (T=450 °C, P=50 bar, CH,/O,=10/1, flow rate=
110 ml/min), (Cat. D: [H,O)/[ATSB|=1.5/1, Cat. E: [H,O]/|[ATSB]
=5/1, Cat. F: [H,0]/[ATSB]=9.5/1).
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Fig. 7. Methanol selectivity of Mo-Bi-V-Al sol-gel mixed oxide catalysts
prepared at different [H,O]/[ATSB] ratios and calcined at 500 °C,
for 5 h (T=450 °C, P=50 bar, CH,/O,=10/1, flow rate=110 mI/min),
(Cat. D: [H,0O)/[ATSB|=1.5/1, Cat. E: [H,O]/|[ATSB|=5/1, Cat. F:
[H,O]/[ATSB]=9.5/1).
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Fig. 8. Product selectivity of Mo-Bi-V-Al sol-gel mixed oxide catalysts
prepared at different [H,O]/[ATSB] ratios and calcined at 500 °C,
for 5 h (T=450°C, P=50 bar, CH,/O,=10/1, flow rate=110 ml/
min), (Cat. D: [H,O)/[ATSB}=1.5/1, Cat. E: [H,O0]/[ATSB]=5/1,
Cat. F: [H,O)/[ATSB]=9.5/1).
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Fig. 9. SEM images of catalysts prepared by co-precipitation and
sol-gel methods and calcined at 500 °C for S h.
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Fig. 10. Surface areas of catalysts prepared by co-precipitation and
sol-gel methods and calcined at 500 °C for 5 h (Cat. C : co-
precipitation method, Cat. F: sol-gel method).
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Fig. 11. Methane conversion of Mo-Bi-V-Al mixed oxide catalysts pre-
pared by co-precipitation and sol-gel methods (T=450 °C, P=50
bar, CH,/0,=10/1, flow rate=110 ml/min, calcined at 500 °C),
(Cat. C: co-precipitation method, Cat. F: sol-gel method).
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Fig. 12. Methanol selectivity of Mo-Bi-V-Al mixed oxide catalysts
prepared by co-precipitation and sol-gel methods (T=450 °C,
P=50 bar, CH,/O,=10/1, flow rate=110 mV/min, calcined at 500 °C),
(Cat. C: co-precipitation method, Cat. F: sol-gel method).
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P=50 bar, CH,/O,=10/1, flow rate=110 ml/min, calcined at
500 °C), (Cat. C: co-precipitation method, Cat. F: sol-gel
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Fig. 14. Effect of temperature on methane conversion of Mo-Bi-V-Al
mixed oxide catalysts prepared by co-precipitation and sol-
gel methods (T=400~480 °C, P=50 bar, CH,/0,=10/1, flow
rate=110 ml/min, calcined at 500 °C), (Cat. C: co-precipita-
tion method, Cat. F: sol-gel method).
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Fig. 15. Effect of temperature on methanol selectivity of Mo-Bi-V-Al
mixed oxide catalysts prepared by co-precipitation and sol-
gel methods (T=400~480 °C, P=50 bar, CH,/O,=10/1, flow
rate=110 ml/min, calcined at 500 °C), (Cat. C: co-precipita-
tion method, Cat. F: sol-gel method).
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Fig. 16. XRD patterns of Mo-Bi-V-Al mixed oxide catalysts prepared
by co-precipitation and sol-gel methods and calcined at
500 °C for S h (Cat. C: co-precipitation method, Cat. F: sol-
gel method).
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Fig. 17. Effect of pressure on methane conversion of Mo-Bi-V-Al
mixed oxide catalysts prepared by sol-gel method (T=420 °C,
flow rate=110 ml/min, CH,/O,=10/1, calcined at 500 °C).
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Fig. 18. Effect of pressure on methanol selectivity of Mo-Bi-V-Al mixed
oxide catalysts prepared by sol-gel method (T=420 °C, flow
rate=110 ml/min, CH,/O,=10/1, calcined at 500 °C).
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Fig. 19. Effect of pressure on product selectivity of Mo-Bi-V-Al mixed
oxide catalysts prepared by sol-gel method (T=420 °C, flow
rate=110 ml/min, CH,/O,=10/1, calcined at 500 °C).
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Fig. 20. Effect of flow rate on methane conversion of Mo-Bi-V-Al mixed
oxide catalysts prepared by sol-gel method (T=420 °C, flow
rate=110 ml/min, CH,/O,=10/1, calcined at 500 °C).
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Fig. 21. Effect of flow rate on methanol selectivity of Mo-Bi-V-Al mixed
oxide catalysts prepared by sol-gel method (T=420 °C, flow
rate=110 ml/min, CH,/O,=10/1, calcined at 500 °C).
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Fig. 22. Effect of flow rate on product selectivity of Mo-Bi-V-Al mixed
oxide catalysts prepared by sol-gel method (T=420 °C, flow
rate=110 ml/min, CH,/O,=10/1, calcined at 500 °C).
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