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INTRODUCTION
Methanol is an important chemicals because of its use in chemical raw material, solvent, and energy resources. Current technology uses three stages to produce methanol from methane [1]. The first stage is a catalytic steam reforming of methane to produce synthesis gas from natural gas. This stage is highly endothermic and consumes a considerable amount of energy. The products contain carbon monoxide, carbon dioxide, and hydrogen. The second stage is the water gas shift reaction to obtain a desired ratio of hydrogen to carbon monoxide. The final stage is to produce methanol from the synthesis gas. 

The methanol production by a direct partial oxidation of methane, however, has a potential, because it eliminates the steam reforming stage and the water gas shift reaction, and replaces the methanol reactor with a partial oxidation reactor. Methanol production from the synthesis gas is a more energy consuming process than the direct methanol production process. The cost to produce the synthesis gas by the steam reforming of a natural gas occupies about 70% of the whole methanol production cost [2].

The main difficulty in the direct methanol production process stems from the reactivity of the produced methanol. The produced methanol can be further oxidized with reactant oxygen to produce carbon monoxide and carbon dioxide. Therefore, it is difficult to achieve a high methanol yield [3, 4]. Consequently, it is important to develop a catalyst that can facilitate the partial oxidation reaction at a low temperature with a high methanol yield. In general, the methane conversion and methanol selectivity are affected by oxygen concentration, pressure, reactant gases ratio, temperature, and contact time. 

In general, oxide or mixed oxide catalysts are known to be reactive in the partial oxidation reactions [5-9]. This study was conducted to develop a suitable catalyst for methanol synthesis using the supported molybdenum oxide and several mixed oxide catalysts containing molybdenum. The effects of temperature, oxygen concentration, and gas flow rate on methane conversion and methanol selectivity were also examined.
EXPERIMENTAL
Materials

The materials for preparation of the catalysts were Cu(NO3)2·3H2O (Yakuri, 99.0%), Fe(NO3)3·9H2O (Yakuri, 98.0%), CsNO3 (Wako, 90.0%), Mg(NO3)2·6H2O (Wako, 98.0%), Zn(NO3)2·6H2O (Junsei, 95.0%), (NH4)6Mo7O24·4H2O (Junsei, 81.0%), Ni(NO3)2·6H2O (Junsei, 97.0%), Bi(NO3)3·5H2O (Junsei, 98.0%), MgO (Duksan), Silica (Sigma), and Alumina (Engelhard, Al-3992).
Table 1 The composition of catalysts

	Catalyst
	Materials

	MoO3
	(NH4)6Mo7O24·4H2O

	10wt%MoO3/SiO2
	(NH4)6Mo7O24·4H2O, SiO2

	10wt%MoO3/Al2O3
	(NH4)6Mo7O24·4H2O, Al2O3

	10wt%MoO3/MgO
	(NH4)6Mo7O24·4H2O, MgO

	Fe0.1Mo
	(NH4)6Mo7O24·4H2O,
Fe(NO3)3·9H2O

	Fe0.1Cu0.2Mo0.7
	(NH4)6Mo7O24·4H2O,
Fe(NO3)3·9H2O,
Cu(NO3)3·3H2O

	Fe0.10.1Zn0.2Mo0.7
	(NH4)6Mo7O24·4H2O,
Fe(NO3)3·9H2O,
Zn(NO3)2·6H2O

	Zn0.10.1Cu0.2Mo0.7
	Zn(NO3)2·6H2O,
Cu(NO3)3·3H2O,
(NH4)6Mo7O24·4H2O

	Cs0.10.1Mg0.2Cu0.7Mo
	(NH4)6Mo7O24·4H2O,
Cu(NO3)3·3H2O,
Mg(NO3)2·6H2O, CsNO3

	Bi0.1Cs0.1Mg0.2Cu0.7Mo
	CsNO, Mg(NO3)2·6H2O,
(NH4)6Mo7O24·4H2O,
Cu(NO3)3·3H2O,
Bi(NO3)3·5H2O


The mixed oxide catalysts were prepared as follows. First, the relevant metal nitrates were separately dissolved in distilled water. Then, the nitrate solutions were mixed. Next, the solution was heated at around 60~80℃ for 2 hours with stirring. Then, the gelled solution was dried in a drying oven at 120℃ for 12 hours. The dried catalyst was crushed, and then calcined in flowing air for 5 hours at 600℃. The prepared catalysts were then crushed, sieved through an 80~100 mesh, and used to test their activity. The compositions of the catalysts are listed in Table 1. The supported catalysts were prepared by the impregnation method.
The reactant gases were 99.97% methane (Deokyang) and 99.99% oxygen (Deokyang). 
Experiments and Analysis
The experiment was performed with a catalyst of 0.1 g at 20∼46 bar, 450∼480℃, flow rate of 39∼81ml/min, and oxygen concentration of 5.3, 5.8, and 7.7mol% (in the feed). A tubular pyrex lined reactor, which is capable of operating at 50 bar and 500℃, was used. The temperature of the catalyst bed was controlled using a thermocouple mounted in the center of the reactor. The pressure of the reaction was controlled with a backpressure regulator (Tescom 26-1700) and the feed gas flow rate was controlled with a mass flow controller (Brooks 5850E). The products were analyzed with an on-line GC (Youngin 680D) equipped with FID and TCD detectors. The column materials were Carbosphere (80/100 mesh, 1/8 inch×6ft) and Porapak Q (80/100, 1/8 inch×8ft). The Carbosphere column and TCD detector were used for separation and detection of CH4, CO, CO2, and O2, and the Porapak Q column and FID detector were used for methanol and formaldehyde, respectively. The surface areas of the manufactured catalysts were measured with Pulse Chemisorb 2700.

In order to understand the adsorption and desorption characteristics of oxygen, an O2-TPD experiment was conducted. The procedure for the O2-TPD experiment was as follows. First, in order to pre-treat a catalyst, 0.05 g of the catalyst was loaded in a quartz tube, heated from room temperature to 300℃ at a rate of 10℃/min with a flow of 20 ml He/min, and then held at 300℃ for 2 hours. Next, under a flow of a mixed gas (10 mol% O2 and 90 % He) at a rate of 40 ml/min, the catalyst was cooled down to 50℃ and held at that temperature for 1 hour to adsorb O2. Thereafter, the catalyst was heated up to 900℃ at a rate of 10℃/min.
RESULTS AND DISCUSSION
Among the catalysts used, the Bi-Cs-Mg-Cu-Mo catalyst was suitable for the methanol synthesis, with which the methane conversion and methanol selectivity were about 4% and 22%, respectively. From the O2-TPD, it was found that a catalyst providing lattice oxygen easily is suitable for methanol synthesis. In the range of this study, both the methane conversion and the methanol selectivity were increased with temperature. The methane conversion was increased with oxygen concentration and the methanol selectivity was decreased with oxygen concentration. The feed flow rate had no significant effects on [image: image1.wmf]Time [min]

0

200

400

600

800

1000

CH

4

  conversion [%]

0

5

10

15

20

Fe-Cu-Mo

Fe-Zn-Mo

Cu-Zn-Mo

Fe-Mo

Cs-Mg-Cu-Mo

Bi-Cs-Mg-Cu-Mo

[image: image2.wmf]Time [min]

0

200

400

600

800

1000

CH

3

OH  selectivity [%]

0

10

20

30

40

50

Fe-Cu-Mo

Fe-Zn-Mo

Cu-Zn-Mo

Fe-Mo

Cs-Mg-Cu-Mo

Bi-Cs-Mg-Cu-Mo

methane conversion and methanol selectivity. 
[image: image3.wmf]Time [min]

0

200

400

600

800

1000

CH

4

  conversion [%]

0

5

10

15

20

Fe-Cu-Mo

Fe-Zn-Mo

Cu-Zn-Mo

Fe-Mo

Cs-Mg-Cu-Mo

Bi-Cs-Mg-Cu-Mo


REFERNCES

1. J. W. M. H. Geerts, J. H. B. J. Hoebink, and K. Van der Wiele, Catal. Today, 6, 613(1990).

2. J. Zaman, Fuel Processing Technology, 58, 61 (1999).
3. J. W. Chun and R. G. Authony, Ind. Eng. Chem. Res., 32, 788 (1993).

4. R. Lodeng and O. A. Lindvag, Ind. Eng. Chem. Res., 34, 1044 (1995).

5. L. Morton, N. Hunter, and H. Gesser, Chemistry & Industry, 16, 456 (1990).
6. J. A. Labinger, Fuel Processing Technology, 42, 325 (1995).

7. C. Thomazeau, V. Martin, and P. Afanasiev, Appl. Catal., 199, 61 (2000).

8. Y. Tong and J. H. Lunsford, J. Am. Chem. Soc., 113, 4741 (1991).

9. R. G. Herman and Q. Sun, Catalysis Today, 37, 12 (1997).

� EMBED SigmaPlotGraphicObject.4  ���





�EMBED SigmaPlotGraphicObject.4���





Fig. 3. Methane Conversion for various mixed oxide catalysts at 480℃ and 33 bar.








Fig. 4. Methanol Selectivity for various mixed oxide catalysts at 480℃ and 33 bar.
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