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Abstract 

Experimental studies presented in this report discuss the performance of porous 

VYCOR membrane reactors in which the oxidative coupling of methane was carried 
out in an excess of oxygen. This was accomplished by shortening the porous section of 
the membrane reactor and operating at lower W/F ratios. Results are also discussed 

from experiments in which methane gas flow was metered in from the high pressure 

shell side into the oxygen stream on the tube side of the membrane reactor. These 

studies indicated that the presence of gas phase oxygen downstream to the catalyst bed 

was detrimental for the C, selectivity in the methane coupling reaction. 

Dense membrane synthesis and characterization results are presented which 
describe new approaches to dense membrane synthesis. Modifications to the 40 

Angstrom pore diameter gamma alumina membranes to enhance their stability and pore 
filling of micron size pores on alpha alumina supports are discussed. Sro.8&.2FeO3, 

an oxygen conducting perovskite synthesized in the Microfluidizer showed interesting 

DSC (Differential Scanning Calorimetry) and TGA m e m o  Gravimetric Analysis) 

spectra that indicated a change in the crystal structure at relatively moderate 

temperatures of 150°C and 350°C. 

This report also presents details of the design and experimental set-up of a 
catalytic membrane reactor in which the porous membrane is doped with the active 

catalyst and methane coupling occurs as the reactant gases pass through the membrane 

pores. 
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Proiect Obiective 

The goal of this research is to improve the oxidative coupling of methane in 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 

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 facility permits balancing the rate of oxidation and reduction of the catalyst. 

In addition, membrane reactors minimize the concentration of gas phase oxygen thus 

reducing non selective gas phase reactions, which are believed to be a main route for 

foimation of COX products. Such gas phase reactions are a cause for decreased selectivity 

in oxidative coupling of methane in conventional flow reactors. 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 : 9/25/94-12/24/94 

1. Catalvtic Studies 

The aim of the experimental studies in this project was to investigate the effect of 

controlling the oxygen feed supplied for the methane coupling reaction. C2 hydrocarbons, 

ethane and ethylene, which form as a result of methane coupling, have a higher dfiity for 

gas phase oxygen than methane. Thus both the reactant C& and the intermediate products 

(CZ hydrocarbons) convert into the complete oxidation products CO and COz. Hence, it is 
advantageous to regulate the supply of one of the reactants along the length of the 

catalyst bed to maximize the yield of the intermediate products. Using tubular porous 

VYCOR membranes in a shell-and-tube type of reactor, gas flow can be metered in from 

the high pressure shell side into the catalyst packed tube side of these membrane reactors 

Our earlier studies, presented in previous reports, showed that the methane 

coupling reaction could be accomplished with higher CZ selectivity by metering in oxygen 

flow along the entire length of the catalyst bed. These results were obtained under 

conditions where all the oxygen metered into the tube side was totally consumed at the 

reactor exit. Since such oxygen lean conditions restricted the total conversion of methane 

to 40-60%, it was decided to study the coupling reaction with oxygen metering under 

oxygen rich conditions. Experimental results discussed in the following section deal with 

conditions where the gas stream at the reactor effluent has a high oxygen concentration. 

1.1 Methane coupling under oxygen rich conditions 

Oxidative coupling of methane was carried out in a porous VYCOR membrane 

reactor with a catalyst bed length of 6 cm and at low W E  ratios. This allowed oxygen 

concentration in the effluent stream from the reactor to be maintained above 5% even 

under maximum conversion conditions. Methane mixed with helium was passed over the 

catalyst bed on the tube side while oxygen was metered in from the shell side into the tube 
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side of the membrane reactor along the entire length of the catalyst bed. Experimental 

conditions for these experiments were as shown in Table I. 
Table I. Operating Conditions for Oxvgen Rich and Oxveen Lean Conditions. 

Methane Oxygen C2 Selectivity C2 Yield 
Conversion Conversion 
20%-25% 40%-90% 30%-20% 5%-10% 
10%-30% 30%-60% 20%-15% 2%-5% 

90%- 100% 40%-50% 10%-2% 2%-5% 

Packed bed length = 6 cm porous section in VYCOR membrane reactor. 

W/F : maintained at 0.48 g.sec/cc (0.008 gm.min/ml) 

Temperature Range : 650°C - 800°C 

Helium Dilution = 100 mumin. on tube side 

Methane flow =6.5 ml/min 

Pressure drop across the VYCOR membrane = 60 psig 

O2 permeate flow =13 mumin 

Pressure drop developed in the packed bed = 2 psig 

Figure 1 shows a comparison of the methane conversion with reaction 

temperature from porous VYCOR membrane reactors under oxygen rich and oxygen lean 

environments, carried out at equivalent flow conditions and at a methane to oxygen ratio 

of 0.5. Oxygen lean conditions resulted in almost complete conversion of oxygen as seen 

in Figure 1, limiting the amount of methane that could be converted to between 40% and 

60%. Though this limitation on methane conversion was overcome under oxygen rich 

conditions, a decline in C2 selectivity was observed as shown in Figure 2. These results 

indicate that metering the oxygen flow through porous membrane reactors is beneficial to 

the methane coupling reaction when most of the oxygen supplied to the catalyst bed is 

used up before exiting the reactor. This was ascertained by carrying out similar 

experiments at various methane to oxygen ratios as shown in Table II. 
Table It. VYCOR membrane reactor ouerated under oxwen rich conditions. 
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POROUS VYCOR MEMBRANE REACTOR 
CH4/02:: 1/2 

Samarium Oxide Catalyst 

CH Conversion under Oxygen Lean Conditions 

CH4Conversion under Oxygen Rich Conditions 
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Figure 1. Methane and Oxygen conversions in VYCOR membrane reactors operated 

under oxygen rich and oxygen lean conditions. 
, 
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POROUS VYCOR MEMBRANE REACTOR 
CH4/02::1/2 

Samarium Oxide Catalyst 

CH4Conversion under Oxygen Lean Conditions 

CH4Conversion under Oxygen Rich Conditions 

C Selectivity under Oxygen Lean Conditions 
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Figure 2. Methane conversion and C2 selectivity in VYCOR membrane reactors operated . 
under oxygen rich and oxygen lean conditions. 
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1.2. Metering methane flow in membrane reactors 
Since oxygen was the competing reactant for methane coupling as well as methane 

deep oxidation, most of the experimental work done earlier in this project involved 

metering oxygen flow through the porous membrane tube of the reactor. Due to the higher 

affinity of C2 hydrocarbons over methane for oxygen, metering oxygen flow was counter 

productive in the lower part of the catalyst bed, which reduced the advantage obtained by 

lowering oxygen partial pressures in the upper part of the catalyst bed. The following 

experiments were performed to test the effect of metering methane flow into a flowing 

stream of oxygen. Since the C2 products that were produced in the earlier sections of the 

reactor bed were susceptible to oxidation, these experiments of metered methane flow 

were aimed at improving the overall C2 selectivity. The VYCOR membrane reactor was 

run in a configuration in which pure methane was fed to the shell side while oxygen mixed 

with helium diluent was fed to the tube side (catalyst packed inside the tube). 

Experimental conditions for these experiments are listed in Table m. These experiments 

were run at an overall methane to oxygen ratio of 2.0. 

Table III. OaeratinP Conditions for metering in methane and oxvgen flows. 

Packed bed length = 6 cm porous section in VYCOR membrane reactor 

W E  : maintained at 0.36 g.sec/cc (0.006 gm.min/ml) 

Temperature Range : 650°C - 800°C 

Helium flow 200 mllmin.; Oxygen flow = 4.2 d m i n  

Methane permeate flow = 8.4 mumin 

Pressure Drop developed in the packed bed = 2 psig 

Figure 3 compares the methane conversions and Figure 4 compares the c 2  
selectivities in these experiments with ,those of oxygen metering at equivalent flow 

conditions. An improvement in the overall C2 selectivities was obtained as expected, as 

compared to the earlier studies which were run with oxygen on the shell side. Lower 

methane conversions however, offset the higher selectivities, resulting in very low C2 
yields. 
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VYCOR MEMBRANE REACTOR 
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Figure 3. Comparison of Methane Conversions in VYCOR membrane reactors under 

oxygen metering and methane metering. 
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Figure 4. Comparison of CZ selectivities in porous VYCOR membrane reactors operating 

under methane metehg  and oxygen metering. 
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2. Modification of porous alumina membranes 

The 40 Angstrom pore diameter gamma alumina membranes could not be used as 
membranes in a shell and tube type membrane reactor for methane coupling since they 

were limited by the temperature of operation. At temperatures above 7OO0C, gamma 

alumina was shown to undergo slow transformation into delta alumina, causing the porous 

structure to open up considerably. Steady state permeance of gases across the membrane 

could not be maintained over extended time periods. Efforts to stabilize the gamma 

alumina membranes are discussed in the following section. 

The 5 micron thick gamma alumina top layer of the 40 Angstroms pore size 

alumina membranes was modified by treatment with lanthanum nitrate solution. The 

modified gamma alumina membrane showed lowered permeance and good thermal 

stability. Gas permeance increased only slightly after 50 hours at 9OOOC, indicating good 

stability of the modified membrane. An oxygen conducting perovskite (Sro 8Lao 2FeO3) 

was deposited on the modified gamma alumina membrane by a solution deposition 

technique. The perovskite caused a lowering of permeance to gas flow at room 

temperature indicating that partial pore filling had occurred. XRD analysis of the deposit 

showed it to have the perovskite structure. Experiments are underway to achieve complete 

pore closure and to make high temperature oxygen conduction measurements through 

these dense membranes. 

Another approach being attempted to develop perovskite thin films is the filling up 

of pores in porous supports. Alpha alumina membranes with large pores (1.2 micron pore 

diameter) are used as the starting material. A Microfluidizer that employs a high pressure 

technique based on cavitation effects in fluids is being used to synthesize nanometer size 

particles of perovskites. Lanthanum aluminate nanoparticles produced in the 

Microfluidizer are deposited inside the 1.2 micron pores of the alpha alumina substrate, 

partially filling the pores of the membrane. Since L N O 3  has the same crystal structure as 

the alpha alumina support, better adhesion at high temperature is expected due to their 

,similar thermal expansion behavior. This technique is being studied to obtain controlled 
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pore closure of alpha alumina membranes and also to achieve complete pore closure using 

Microfluidizer synthesized oxygen conducting perovskite nanometer sized particulates. 

3. Synthesis of oxvpen conducting perovskite 

An oxygen conducting perovskite, Srg gLa0.2Feo3, w& synthesized by a cavitation 

technique in the Microfluidizer which produces nanometer size particles of the perovskite. 

KOH was used as the precipitating agent in the Microfluidizer and the complex metal 

oxide was precipitated from a mixture of the corresponding metal nitrates in 2-Propanol 

while being subjected to cavitational forces. The synthesized perovskite was characterized 

using XRD, DSC and TGA. 

The synthesized material was calcined at progressively higher temperatures and 

analyzed by X R D  to study the evolution of crystal structure. XRD analysis of the 

Microfluidizer synthesized Srg gLaO.2Feo3 showed that the characteristic perovskite peaks 

appeared at calcination temperature of 55O"C-59O0C. This material showed reversible 

exotherms on the DSC spectrum at 15OOC and 35OoC, while TGA analysis showed no 

appreciable weight loss or weight gain at these temperatures. Figure 5 shows the 

reversible DSC Exotherms/Endotherms from a sample of Srg gLa02Feo3 taken through 

several heat cycles between 75OC and 500OC. These reversible exotherms could be due to 

polymorphic or crystallinity changes in the perovskite structure. Since weight loss 

measured on the TGA was not appreciable, it was unlikely that reversible adsorption of 

oxygen was occurring at these temperatures. Studies in the literature indicate that 

perovskite materials are known to exhibit reversible exotherms, but such exotherms occur 

only at temperatures higher than 75OOC. Further experiments are underway to study these 

low temperature DSC exotherms by using different solvents, precipitating agents and 

synthesis techniques. The importance of these studies is the possible identification of a low 

temperature crystallographic phase change that may be associated with a low temperature 

oxygen permeance. 
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Figure 5. DSC spectra from a sample of Srg $24) 2FeO3 subjected to four heating cycles 

from 75°C to 500°C. sr0.8La02Feo3 
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4. Catalvtic Membrane Reactor 

A significant portion of the research has been carried out so far on porous 

membrane reactors where the sole purpose of the membrane was to meter in one of the 

reactant gases. The methane coupling catalyst was packed in the tube side of a porous 

VYCOR membrane to form a packed bed reactor. Comparisons were made between the 

performance of the porous VYCOR membrane reactors and conventional non-porous 

packed bed reactors. Porous VYCOR membrane reactors were shown to enhance the 

hydrocarbon selectivity in methane coupling. 

The following work uses a porous membrane that is also catalytically active for 

methane coupling and using a radically different reactor configuration. Reactant gases 

flowing through the membrane pores are brought i i ~  contact with the methane coupling 

catalyst deposited inside the membrane pores in the catalytic membrane reactor. 

Porous alpha alumina membranes were doped with samarium nitrate solution, 

dried and calcined at 750OC to convert the nitrate into the active samarium oxide catalyst. 

Large pore size (0.5 micron to 2 micron pore size) alpha alumina membranes were used to 

form these catalytic membranes. A catalytic membrane reactor is being assembled to 

investigate the effects of reactant flow through catalytically modified alumina membranes 

on the oxidative coupling of methane. Figure 6 shows a schematic of the experimental 

setup. 

Recent literature reports indicate that external mass transfer limitations present 

during highly reactive methane coupling catalytic reactions lowers methane conversion and 

total C2 production rates. External mass transfer limitations can be reduced by increasing 

the linear velocity of reactant gases over the catalyst. As detailed in the cross section of 

the catalytic membrane shown in Figure 7, the reactor being set up provides the 

experimental capability to investigate the effects of high reactant linear velocities. 

The reactant gas mixture of oxygen, methane and helium diluent is fed in the tube 

side of the catalytic membrane reactor. All the gas is forced through the membrane p.ores 
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into the shell side of the membrane reactor. The free volume on both the tube side and the 

shell side of the membrane reactor is filled with quartz rods and quartz chips to minimize 

the gas phase reaction contribution. A small helium sweep flow is maintained on the shell 

side to prevent backmixing on the shell side. Methane coupling occurs inside the 

membrane pores as the reactant gases pass from the tube side to the shell side of the 

membrane reactor. The product gases mix with the helium sweep gas and exit on the shell 

side of the catalytic membrane reactor. The exit stream is then sent through a water trap 

and then through the sample loop for GC analysis. 

By using porous catalytic membranes of different pore diameters and by varying 

the flow rates of reactant gases passing through the catalytic membrane reactor, one can 

regulate the contact time of the reactant gases with the active catalyst in the membrane 

pores. The combined effect of membranes coated with the active catalyst and the reactor 

flow configuration is postulated to minimize external mass transfer limitations. The result 

will be to maximize the overall efficiency of methane coupling. 
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Figure 6. Schematic of the experimental setup of a catalytic membrane reactor. 
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Catalytic Membrane Reactor 
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Figure 7. Schematic of a cross section view of a catalytic membrane reactor. 
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5. Conclusions 

Oxidative coupling of methane was carried out under oxygen rich conditions in 

porous VYCOR membrane reactors and the results were compared with those of the 

experiments run under conditions where dl the oxygen supplied for the methane coupling 

reaction was used up at the exit of the reactor. The surplus oxygen capsized further 

oxidation of the hydrocarbon intermediates and resulted in decreased overall hydrocarbon 

selectivity of the process. Experiments involving metering of methane flow from the high 

pressure shell side into a mixture of oxygen and helium on the catalyst packed tube side 

showed improved hydrocarbon selectivity with a lowered methane conversion. These 

results indicate that metering the oxygen flow through porous membrane reactors is 

beneficial to the methane coupling reaction when most of the oxygen supplied to the 

catalyst bed is used up before exiting the reactor. 

Oxygen conducting perovskites have been synthesized using conventional as well 

as cavitation techniques and characterized by XRD, TGA and DSC. Srg SLZQ 2FeO3, an 

oxygen conducting perovskite that was synthesized in the Microfluidizer showed 

interesting DSC and TGA spectra that indicated a change in the crystal structure at 

relatively moderate temperatures of 150°C and 350°C. A catalytic membrane reactor was 

designed and porous membrane reactors, with the catalyst deposited in the pores of the 

membranes, were fabricated and the experimental setup to study the methane coupling 

reaction was completed. 

- 7  
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6. Future Work 

Oxygen conducting perovskites will be deposited in the pores and on top of 

modified porous alumina supports to achieve dense membranes. Controlled partial and 

total pore closures of porous alpha alumina support using nanometer size particulates of 

lanthanum aluminate and other perovskites will be attempted. These oxygen conducting 

perovskites wiU also be tested for their catalytic activity for methane coupling reaction. A 

catalytically active dense membrane might provide valuable information on controlling the 

chemistry of the methane coupling through modification of the type of oxygen species that 

facilitate the formation of methyl radical. 

Oxidative coupling of methane will be performed in the catalytic membrane reactor 

using different pore sizes of alpha alumina membranes. Reactor performance will be 

studied by monitoring methane conversion and hydrocarbon selectivity as a function of 

reaction temperature, feed flow rates and amount of catalyst doping on the alumina 

membranes. 
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