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ABSTRACT 

A new reactor module was constructed as a porous membrane reactor or radial 

flow reactor for the study of methane oxidative coupling. A Mn-W-NdSiO;! catalyst was 

. prepared by the slurry mixing method and its catalytic activity was evaluated in a porous 

alumina membrane reactor. Experimental results showed that the Mn-W-NdSi02 catalyst 

calcined at 900°C was not stable during methane oxidative coupling. After 1050°C 

calcination the catalyst became stable, however its activity was not as good as the one 

prepared by incipient wetness impregnation. 

The dense membrane tube obtained from Eltron Research Inc. was tested in a 

membrane reactor for the catalytic oxidative coupling of methane. The Mn-W-NdSiO;! 

catalyst prepared by the incipient wetness impregnation method was packed inside the 

membrane tube. The initial oxygen flux was 0.02 cc/cm2-min. It increased to 0.34 cc/cm2- 

min after reaction and remained unchanged during a period of 31 days on stream. In a 

temperature range of 688OC to 977'C, the increase in oxygen flux with temperature 

obeyed the Arrhenius law. The CZ. yield was about 10% at a methane conversion of 20%. 

The yield of the membrane reactor with Eltron membrane tube was higher than that with 

the Argonne membrane tube. 
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PROJECT OBJECTIVE 

The goal of this research is to improve the hydrocarbon yield from oxidative 

coupling of methane by using a catalytic inorganic membrane reactor. A specific target is 

to achieve conversion of methane to C2 hydrocarbons at very high selectivity and 

relatively higher yields than in a fixed bed reactors by controlling the oxygen supply 

through the membrane. A membrane reactor has the advantage of precisely controlling 

the rate of delivery of oxygen to the catalyst. This property permits balancing the rate of 

oxidation and reduction of the catalyst. Membrane reactors could also produce higher 

product yields by providing better distribution of the reactant gases over the catalyst than 

the conventional plug flow reactors. 
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QUARTERLY REPORT 

Report for the Period : 6/25/97-9/24/97 

1. Porous membrane reactor module 

A new reactor module, which can be used as either a porous membrane reactor or 

a radial-flow reactor was constructed. This reactor was similar to the porous membrane 

reactor used previously. The main difference is that the bottom end of the membrane tube 

of the new module was closed off. The top end of the membrane tube was welded to a 

non-porous alumina tube with a high temperature glaze. Again, in order to reduce the 

amount of hydrocarbon loss from the tube to the shell side, the outlet of the shell side was 

blocked. 

In the case that the reactor module was used as a porous membrane reactor as 

shown in Figure 1, the catalyst was packed in the annular space between the gamma- 

alumina membrane (I.D.=7 mm) and the thermowell (I.D.=3 mm) placed concentrically 

inside the reactor tube. The methane was fed fiom the top of the thermowell to the bottom 

of the catalyst bed, while the oxygen and dilution gas (helium) was fed from the shell side 

of the reactor. The product stream was withdrawn from the top of the reactor tube without 

mixing with methane flowing downward inside the thermowell. Compared to the 

previous design, the new module has at least two advantages. First, the new membrane 

reactor is easier to assemble and is less likely to break, since the bottom end of the reactor 

tube is free. Second, the thermowell serves as a pre-heater for methane before it reaches 

the catalyst bed, and the product coming off the catalyst bed can be cooled by the 

methane in the thermowell, which reduces the post-reactions (non-selective oxidation 

reactions). The membrane reactor can also be operated in the co-feed mode by feeding the 

mixture of methane and oxygen to the tube side and helium to the shell side with the shell 

side outlet blocked. 
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When the reactor module is used as a radial-flow reactor, the mixture of reactants 

(methane and oxygen) and dilution gas (helium) is fed from the shell side, and reactions 

take place inside the top layer of the gamma alumina membrane, where the catalyst is 

deposited. The product stream leaves the reactor from the top of the reactor tube. A sweep 

gas (helium) is introduced from the top of the thermowell to the bottom of the membrane 

tube. A quartz tube is placed concentrically in the space between the thermowell and the 

reactor tube to increase the linear velocity of the product stream leaving the reaction zone. 

Since the catalyst is deposited only in the top-layer of the membrane tube, there is no 

reaction until the reactants reach the top layer if the reactants are introduced from the 

shell side, and after reaction the product stream is carried away by the helium without 

further reaction, which could happen in the support and transition layer if the reactants 

were introduced from the tube side. 

' 

2. Preparation of Mn-W-Na/SiOz catalyst by slurry mixing method 

The Na-Mn-W/SiOz catalyst used before was prepared by incipient wetness 

impregnation. According to the literature[l], a catalyst prepared by the slurry mixing 

method should be much more stable than one prepared by the impregnation method. 

Thus, a silica gel support (Davison, grade 643) was mixed with aqueous solutions with 

appropriate concentrations of M n ( N 0 3 ) 3  (Aldrich, 98%) and Na~W04 (Alfa, 98%). Then 

the catalyst was dried at room temperature overnight, followed by 12OoC drying for 8 h 

and was calcined at 85OoC for 8 h. The catalyst was crushed and sieved to 30-60 mesh 

size. Figure 2 shows the XRD patterns of the catalyst. Three crystal phases (cristabolite, 

Na2W04, and Mn203) were observed in the catalyst calcined at 850OC. 

catalyst prepared by slurry mixing method 

Methane coupling experiments were conducted in a porous gamma alumina 
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membrane reactor. The reactor tube was prepared by treating a 14 cm long 40 Angstrom 

gamma-alumina tube with La(N03)3 aqueous solution and calcining at 900°C. 2.1 gram 

Mn-W-Na/SiO2 catalyst was packed in the annular space between the gamma-alumina 

membrane (I.D.=7 mm) and the thermowell (I.D.=3 mm) placed concentrically inside the 

reactor tube. 

At 800°C and methane and helium flow rates of 6 and 100 cc/min, the initial C2 

yield was 43%. However, it continued to drop to 6% within a few hours while the inlet 

pressure of the tube side and shell side kept increasing, which indicated that the catalyst 

particles were being broken down, probably due to the water vapor. 

To stabilize the catalyst, the catalyst was calcined at 105OoC and then packed in 

the membrane reactor. At 800°C and methane, oxygen and helium flow rates of 6, 3.7, 

and 100 cc/min respectively, the C2 selectivity obtained was only 3 1% with a C2 yield 

about 10%. Although the pressure drop in the catalyst bed was almost constant during 

these runs, the C2 yield was about 15% less than that observed under similar conditions 

with the catalyst prepared by the incipient wetness impregnation method. 

Figure 3 shows the C2 selectivities, as functions of methane conversion, for the 

membrane and co-feed reactors at 85OoC and oxygen and helium flow rates of 3.7 and 

100 cc/min respectively. The methane conversion was changed by changing the oxygen 

flow rate. Contrary to the results with the catalyst prepared by incipient wetness 

impregnation method, the membrane reactor gave lower C2 selectivity than the co-feed 

reactor operated at the same methane conversion. 

4. Dense membrane reactor module 

The dense membrane tube (9.5 mm OD, 7 mm ID) obtained from Eltron Research 

Inc. has a larger diameter than those from Argonne National Laboratory. A bigger reactor 

was built with quartz tubes (plungers and receivers) ordered from Meyer Industries, Inc. 

The inner wall of the dense membrane tube was first coated with an oxygen reduction 
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catalyst powder mixed with 1,2-butanediol by a Q-tip. The membrane tube (7.6 cm long) 

was packed with 0.8 gram catalyst in the annular space between the dense membrane and 

the thermowell (I.D.=3 mm) placed concentrically inside the membrane tube. Then the 

membrane tube was installed in the quartz jacket and sealed with Vycor glass rings at 

1000°C by pushing the rings towards the quartz receiver. Methane diluted with helium 

was fed fiom the top of the reactor into the tube side, while air was fed fiom the shell side 

of the reactor. The product stream was withdrawn from the bottom of the membrane tube 

. side. 

5. OxyEen flux across the Eltron dense membrane tube 

The oxygen fluxes measured before and after the OCM reaction at 835°C are 

shown in Figure 4. The air flow rate in the shell side was 52 cc/min, and the helium flow 

rate in the tube side was 60 cc/min. The initial oxygen flux of the Eltron membrane was 

about 0.02 cc/cm2-min, which was close to that of the Argonne dense membrane. 

During reaction, the oxygen flux was about 2-3 times higher than that without 

reaction. This is also similar to the previous results obtained with the Argonne membrane 

tube. The few points of high oxygen flux under reaction conditions corresponded to high 

methane to oxygen ratios (-16), while the last two points under reaction conditions were 

observed at low methane to oxygen ratio (-2). The increase in oxygen flux under reaction 

conditions possibly resulted fiom the decrease in oxygen concentration on the inner 

surface of the membrane tube in the reducing environment due to the presence of 

methane. 

After the reaction, the methane flow was shut off while air was still fed to the 

shell side. Because of the increase in oxygen concentration in the tube side, the oxygen 

flux dropped to the initial level before reaction. Then a jump in oxygen flux from 0.02 to 

0.34 cc/cm2-min was observed before it reached a steady state. The jump in oxygen flux 

was probably due to the re-oxidation of the carbide or carbon, which was formed on the 
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inner wall of the membrane tube during reaction. The release of the re-oxidation products 

(CO and C02) from the surface resulted in the increase of oxygen flux. The steady state 

oxygen flux after reaction was about 50% higher than the initial oxygen flux. 

6. Experimental results of methane oxidative coupling in the Eltron dense 

membrane reactor 

Figure 5 shows the C2 selectivity vs methane conversion for OCM at 835°C. The 

methane conversion was changed by changing the flow rate of methane. The highest C2 

yield was about lo%, which was observed at a selectivity of 50 %. The C2 selectivity 

decreased slowly and then began to drop sharply as the methane conversion was 

increased. 

The membrane reactor with the Eltron dense membrane tube showed better 

performance than that with the Argonne dense membrane tube. However, the yield was 

still lower than that observed in the porous membrane reactor, which was probably due to 

the total oxidation activity of the membrane material and the coated material on the inner 

wall of the membrane tube. 

7. Stability of the Eltron dense membrane tube 

After the reaction, the stability of the Eltron membrane tube was tested at 835OC. 

Air was fed from the shell side of the reactor while helium was fed from the top of the 

reactor into the tube side. The mixture of oxygen and helium was withdrawn from the 

bottom of the membrane tube side and analyzed by a on-line gas chromatograph. 

As shown in Section 5, the oxygen flux after the reaction was about 1.5 times 

higher than that before the reaction. The oxygen concentration at the outlet of the tube 

side was monitored with an air flow rate of 60 cdmin in the shell side. After another 31 
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days' continuous running the oxygen flux was found unchanged, indicating that the 

membrane tube is quite stable. 

8. Temperature dependence of the oxygen flux across the Eltron dense membrane 

tube - 

Figure 6 shows the oxygen flux as a function of temperature. The air flow rate in 

the tube side and the helium flow rate in the shell side were kept at 86.5 cc/min and 11.5 

cc/min respectively during these measurements. The measurements were started at low 

temperature (688OC) and stopped at 977'C, at which the seal began to fail. Over a 

temperature range of about 3OO0C, the oxygen flux increased by a factor of 10. The semi- 

logarithm plot of oxygen flux vs the reciprocal of absolute temperature (UT) fell closely 

on a straight line. The activation energy for the oxygen permeation based on the 

Arrhenius plot was 70.5 KJ/mol. 

9. Preparation of the membrane tube for the Radial-flow reactor 

The 50 Angstrom gamma alumina membrane tube (12.5 cm long) was treated 

with 47% Sm(N03)3 aqueous solution from inside of the membrane followed by calcining 

at 900°C for 8 hours. About 0.15 gram of Sm203 was doped in the membrane. One end of 

the membrane tube was blocked by welding it with a non-porous alumina cap. The other 

end of the membrane tube was connected to a 16 cm long non-porous alumina tube with a 

high temperature glaze. The shell of the reactor is made of quartz tube. Quartz chips will 

be packed in the tube side of the membrane tube to speed up the removal of the product 

from the higher temperature zone and to reduce the gas phase reaction. 
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FUTURE WORK 

Methane oxidative coupling experiments will be conducted in a dense membrane 

reactor with the membrane tube made of BaCeo.8Gdo.203 and in a radial flow reactor with 

a gamma alumina membrane tube modified by Sm(N03)3. 

Reference 

[ 13 X.P. Fang, S.B. Li, J.Z. Lin, J.F. Gu, and D.X. Yang, Journal of Molecular Catalysis, 

6(4), 255-261, 1992. 
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Figure 1. Porous membrane reactor setup 
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Figure 3. C, selectivity vs methane conversion in porous 
membrane and co-feed reactor for methane oxidative coupling 



00 0 

OO 

during reaction 

0 

after react ion 

time on stream, hr 

Figure 4. Oxygen flux through Eltron dense membrane tube 
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Figure 6. Oxygen flux through Eltron membrane tube 
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