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ABSTRACT 

To prevent the deep oxidation of methane catalyzed by the direct contact 

between methane and the dense membrane material (SrFeCo,,,O,~,), BaCe,,,Sq,,O, 

perovskite was coated on the inner surface of the dense membrane tube by the sol-gel 

technique. Different pretreatment methods were tested to compare their effects on the 

coated film. The morphology of the coated membrane was studied by SEM. The 

BaCe,,6Sm,,,0,-coated membrane which was pretreated with a basic solution before 

coating was more evenly covered by the coating material. 

The oxygen permeances through the modified membrane tube were measured at 

different temperatures. The oxygen permeances were found to be about 70% lower than 

those of the unmodified tubes. The catalytic runs were carried out with La/MgO 

catalyst packed inside the membrane tube. The C, yields obtained using the dense 

membrane reactor were less than 4%. This may have resulted from the fact that the 

methane fed to the tube side was still exposed to the un-coated area of the dense 

membrane surface due to the incomplete coverage of the coating material 

(BaCe0.6Snb.403) 

A hybrid dense membrane reactor, in which the oxygen was supplied by co- 

feeding oxygen with methane to the tube side and feeding air to the shell side, was used 

for the oxidative coupling of methane. Again, the inner surface of the membrane tube 

was coated with BaCe,,,Sm,,,O, by the sol-gel technique, and the La/MgO catalyst was 

packed inside the membrane tube. The oxygen permeance through the membrane tube 

was found to be about ten times higher than that under non-reaction conditions. C, 

yields up to 12% were obtained using the coated dense membrane reactor. These yields 

are higher than those obtained in an un-coated dense membrane reactor setup with 

methane and oxygen co-fed into the tube side, where the same catalyst was packed. 
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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 tlie Period : 6/25/96-9/24/96 

1. Coating of BaCe,,Sm_,,02 - on the Dense Membrane Tube 

To prevent the deep oxidation of methane catalyzed by the dense membrane 

material ( S ~ F ~ C O , , ~ ~ , ~ , ) ,  the inner surface of the dense membrane tube was coated with 

BaCe,,Sq,O, by the sol-gel technique. First, the membrane was dip-coated with the 

sol prepared by the procedure reported in the quarterly report of 3/25/96-6/24/96. The 

membrane was treated at a heating rate of l"C/min to 250°C and was kept at 250°C for 

6 hours. Then, the temperature of the furnace was raised, at a rate of 1.5 "C/min, to 

1000 "C, where it was kept for 5 hours for calcination. The membrane was finally 

cooled down to room temperature at a cooling rate of 1.S0C/min. 

2. Surface Pretreatment of the Dense Membrane Tube 

In order to provide a clean and fresh surface for the coating of the perovskite 

material (BaCe,,,Sq.,O,), two pretreatment solutions were tested. Figure 1 shows the 

percentage weight loss of the dense membrane tube (SrFeCo,,,O,~,) as a function of time 

when the membrane was pretreated with 1 N hydrochloric acid. After sitting in the 

solution for 2 minutes, the membrane tube was taken out from the solution, washed, 

dried at 120°C for 10 minutes, weighed, and put into 10 ml fresh hydrochloric acid 

solution in 5-minute intervals. Due to the reaction between the metal oxides and the 

hydrochloric acid, the membrane tube quickly lost about 22% of its original weight, in 

27 minutes. Another solution for the pretreatment of the membrane surface used was a 
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basic solution prepared by dissolving 44 g Na,PO,, 65 g Na,CO,, and 45 g NaOH in 

1000 mi DI water. The treatment was conducted in a Erlenmeyer flask placed in an 

ultrasonic bath for 30 minutes. The weight loss after the treatment was less than 0.2 % . 

Figure 1. Percentage weight loss of the dense membrane tube as a function of time 

in 1 N hydrochloric acid at 22°C 
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3. SEM Studies of the Coated Dense Membrane Tubes 

. .  
For comparison, the original membrane surface is shown in Figure 2 .  Figure 3 

shows the SEM pictures of the membrane surfaces after the membrane was coated with 

BaCe,,,Sq,,O, by sol-gel technique. Figures 3a, 3b, and 3c are the membrane surfaces 

without surface pretreatment, with hydrochloric acid treatment, and with basic solution 

treatment, respectively. If the surface was not pretreated, it was found to be difficult to 

cover the membrane surface evenly with the coating material (BaCe,,,Sq.,O,). With 

hydrochloric acid, although the coated material was more evenly distributed, the 

surface became rough, which probably resulted from the unequal reaction rates of the 

three metal oxides with hydrochloric acid. In the case of the basic solution 

pretreatment, the membrane surface was well covered with the coating material. 

Figure 2. Original membrane surface 
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Figure 3a. Membrane surface after BaCe,,,Sm,,O, coating (without pre-treatment) 

Figure 3b. Membrane surface after BaCe,,,Sm,,403 coating 

(with hydrochloric acid pre-treatment) 
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Figure 3c. Membrane surface after BaCeo,,Smo,40, coating 

(with basic solution pre-treatment) 

4. Oxvgen Permeance through the BaCe,,,Sm_,,02 -Coated Dense Membrane Tube - 

After the inner surface of the dense membrane tube was pre-treated with the 

basic solution and coated with BaCe0,,S~,,O, by the sol-gel technique, the oxygen 

permeances through the coated membrane tube were measured at different 

temperatures. Air was fed into the shell side and helium fed into the tube side as the 

purge gas. 

Figure 4 shows the oxygen permeances through the coated dense membrane. 

The air flow rate was kept at 23 ml/min and the helium flow rate at 71 ml/min. These 

permeance values were only about 30% of those obtained with an un-coated dense 

membrane tube, reported earlier (quarterly report of 3/25/96-6/24/96). When the 

temperature was increased from 826°C to 913"C, the oxygen permeance increased about 
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45 % , which is due to the higher oxygen vacancy concentration at higher temperature. 
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Figure 4. Oxygen flux through the coated dense membrane tube as a function of 

temperature 

5. Catalvtic ExDeriment with the Coated Dense Membrane Reactor 

Catalytic experiments were conducted in the basic solution-pretreated and 

BaCe,,,Sq,,O,-coated dense membrane reactor with La/MgO as the catalyst packed in 

the tube side. Air was fed in the shell side and methane, diluted with helium, was fed to 

the tube side. Under the following conditions: air = 35 ml/min, helium = 71 ml/min, 

methane = 2 -12 ml/min, 800 C and 1 atm, the C, yields observed were less than 4%.  

One explanation is that after the coating of the membrane wall, part of it might still 

remained uncovered. When the reactant mixture (methane and oxygen) was exposed to 

the uncovered dense membrane material, total oxidation could have dominated the 
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methane oxidative coupling reactions. 

6. Catalytic ExDeriments with a Hvbrid Dense Membrane Reactor 

To investigate the effect of oxygen feeding mode on the reactor performance, 

part of the oxygen was fed into the tube side along with the methane. The flowrate of 

air fed into the shell side was 56 rnl/min and helium fed into the tube side was 71 

ml/min. The flowrate of methane was kept at 12 ml/min and the feed ratio of methane 

to oxygen was changed by varying the oxygen flowrate fed in the tube side. 
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Figure 5. methane conversion (X), C, selectivity (0), and C, yield (A) at different 

overall methane to oxygen ratios in a hybrid'dense membrane reactor 

Figure 5 shows the methane conversion, C, selectivity, and C, yield at 756 "C. 

As the feed ratio of methane to oxygen increases, the C, selectivity increases and levels 
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off, while the methane conversion drops quickly. As a result, the C, yield, which is the 

product of methane conversion and C, selectivity, increases with the increase of 

methane to oxygen ratio first, goes through a maximum of about 12% at a methane to 

oxygen ratio of 0.6, then begins to decrease. The highest C, yield (12%) with the 

hybrid dense membrane reactor was higher than the highest C, yield (about 7%)  

obtained in a un-coated dense membrane reactor setup with methane and oxygen co-fed 

into the tube side and the same catalyst packed in the tube side. 
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Figure 6. Ratios of C,H,/C,H, (0) and CO/CO, (X) as functions of overall methane to 

oxygen ratio in a hybrid dense membrane reactor 
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Figure 6 shows the ratios of ethylene to ethane and carbon monoxide to carbon 

dioxide as functions of CH,/O, ratio. Since more oxygen favors the formation of 

ethylene, the ethylene to ethane ratio decreases with methane to oxygen ratio. At the 

highest CH4/02 ratio (about 8.5),  since most of the oxygen comes from the shell side, 

almost all the product becomes carbon dioxide due to the contact of the reactant mixture 

with the total oxidation dense membrane material. At the lowest CH4/02 ratios, more 

CO, is produced than CO because of the high concentration of oxygen. Therefore, low 

CO/CO, ratios were observed at both high and low CH4/0, feed ratios, and the highest 

ratio of CO/CO, was achieved at a medium CH4/02 feed.ratio (about 3). 

Under reaction conditions, since the oxygen partial pressure difference across 

the membrane is higher than that under non-reaction conditions, the oxygen permeance 

at low co-fed oxygen levels in the hybrid membrane reactor is about 0.08 cc/min cm2, 

which is nearly 10 times higher than that measured under non-reaction conditions 

reported last month. 

FUTURE WORK 

A new catalyst, 1.9 wt% Mn-5% wt% Na,WO,/SiO, will be synthesized and its 

catalytic activity will be measured in a conventional packed-bed reactor. Also, a 

membrane reactor will be fabricated with the Na-Mn-W/SiO, catalyst coated on the 

inside wall of the dense membrane tube, and methane oxidative coupling will be 

conducted in a dense membrane reactor with the coated membrane tube. 

A radial-flow reactor with the La(NO,), - modified gamma-alumina membrane 

will be constructed to study the methane oxidative coupling reactions. As shown by our 

previous results, after the modification and thermal treatment at 900°C for 50 hours, the 

nitrogen permeance of the gamma-alumina membrane tube was found to be lower than 
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that of the fresh gamma-alumina membrane tube. Due to its smaller pore size in the top 

layer, the modified gamma alumina membrane tube has much higher resistance to the 

gas flow across the membrane than that of the alpha-alumina membrane tube, which 

was used in our previous radial-flow reactor setup. This will allow us to achieve better 

distribution of catalyst in the membrane top-layer and control of flow of the reaction 

mixture through the membrane. 

I 
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