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ABSTRACT 

The research focus, for the development of a radial flow catalytic membrane 

reactor for studying methane coupling, concentrated on understanding the effects of pore 

size, catalyst loading and catalyst distribution inside the membrane, on the hydrocarbon 

selectivity. The experimental resuIts from the catalytic studies of oxidative coupling of 

methane in the radial flow membrane reactors are summarized in this report and the 

reactor performances of three radial flow reactors with pore sizes of 0.02 pm are 

interpreted by the energy dispersive X-ray digital mapping (EDX) technique. 

A conventional fixed bed catalytic reactor was set up and run under the same 

conditions as were used €or the radial flow reactor studies. Two sources of samarium 

oxide catalysts were used in these experiments and their performances were compared in 

terms of C2 selectivity at same methane conversion. Compared to the monoclinic form of 

samarium oxide, the catalyst with cubic form was more active and selective for methane 

oxidative coupling. 

A general reactor model for oxidation reactions with distributed feed of oxygen 

and product removal strategies was proposed. Six types of feeding modes were analyzed 

and their feed distributions were optimized such that the desired product yields at the 

reactor outlet were maximized. 
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PROJECT OBJECTTVE 

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

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

to achieve conversion of methane to Cz 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 property permits balancing the rate of oxidation 

and reduction of the catalyst. In addition, membrane reactors control the concentration of 

gas phase oxygen thus reducing non selective gas phase reactions, which are believed to 

be a main route for formation 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 : 6/25/94-9/24/95 

1. Catalytic Membrane Reactor 

Research efforts focused on studies of methane coupling, using the catalytically 

active radial flow membrane reactor. Earlier studies showed that the toplayer pore size 

did not have much effect on the hydrocarbon selectivity for methane coupling and that 

C2 selectivity increases with the increasing of flowrate and the decreasing of methane 

conversion. The higher pressures for all pore sizes investigated resulted in only minor 

changes in methane conversion and total C2 selectivity. CH4 conversion increased by 

2 %-3 % at the higher pressures, while C2 selectivity remained relatively unchanged or 

dropped by one or two percentage points. Current investigations centered on trylng to 

study the relationship between catalyst distribution inside the membrane and the 

catalytic activity. 

Experimental results with catalytic membrane reactors of different pore sizes are 

summarized in Figure 1. Three different pore size membranes, 0.02, 0.2, and 5.0 pm, 

were used in the studies and are included in this comparison. The results show similar 

conversions and total Cz selectivities for the 0.2 and 5.0 pm reactors. Three different 0.02 

pm reactors were constructed, Reactors #1, #2, and #3. These reactors were constructed 

and deposited with catalyst using the same construction and catalyst deposition 

procedures. However, as shown in Figure 1, the 0.02 pm pore diameter Reactor #2 gave 

higher total CZ selectivities than the 0.02 pm pore diameter Reactor #1 and Reactor #3. In 
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an effort to understand the difference in reactor performance of the 0.02 pm pore diameter 

reactors, EDX analysis was undertaken. 
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Figure 1. Overall reactivity comparison of the 0.02, 0.2, and 5.0 pm pore diameter 

reactors. Three different 0.02 0 pm pore diameter reactors are included. 

Energy Dispersive X-ray Digital Mapping ( E D 3  was used to characterize the 

three 0.02 pm reactors. Using this technique, it was possible to qualitatively observe 

differences in the location of deposited catalyst within the reactor. A cross-section of each 

of the three 0.02 pm reactors was used to perform the elemental mapping on samarium. 
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Digital mapping was performed at two different magnifications for each of the three 0.02 

pm reactors (Figures 2-7). 

One view for the mapping was of the entire reactor cross-section, from the inside 

toplayer and intermediate layer to the outside diameter of the support (Figures 2-4). This 

entire cross-section map (magnification = x65) covered the whole porous tube thickness 

of 1.5 mm. Another, higher magnification view (x700) showed only the toplayer, 

intermediate layer, and a small section of the support material (Figures 5-7). 

EDX results from elemental mapping of the entire cross-section for each reactor 

showed that the deposited catalyst was well dispersed throughout the cross-section for all 

the reactors (see Figures 2-4). Also observed in Figures 2-4 for all reactors was a slightly 

higher intensity of the catalyst within or around the membrane (the right edge of the 

samarium maps in Figures 2-4, the samarium maps are located in the upper left of each 

figure). 

Differences were observed when comparing the magnified (x700) digital maps (see 

Figures 5-7) for the three 0.02 pm reactors. Reactor #2 showed an even smooth 

deposition of the catalyst within the membrane and intermediate layer with a decreasing 

concentration gradient into the support as depicted in Figure 5. In contrast, Reactor #1 

and Reactor $3, which both gave lower C2 selectivity results, were observed to have 

distinct high catalyst intensity lines at the outermost edge of their respective toplayers (see 

Figure 6 & 7). As a result of this catalyst coating on the toplayer, the dispersion of 

catalyst in Reactor #1 and Reactor #3 was not as even throughout the membrane cross- 

section as was observed in Reactor #2. 

Even though the same catalyst deposition procedure was used and the same pore 

size membranes were studied in the three 0.02 pm reactors, different total CZ selectivities 

were observed. Characterization of the three reactors using digital mapping revealed that 

the location of the catalyst within the cross-sections was not the same when comparing the 

three reactors. The lower CZ selectivity results of Reactor #1 and Reactor #3 are believed 

to have occurred due to the pronounced thin layer of SmZO3 which was observed covering 

the inlet side of the toplayer. Reactor #1, #2, and #3 all have similar total catalyst loadings. 

Therefore, Reactors #1 & #3 have relatively more catalyst towards the entrance of the 
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reactor. More catalyst at the entrance of these reactors results in the production of more 

C2s earlier during the passage of the gases through the membrane. As a result, these 

initially produced Czs undergo a longer residence time within the reactor. The longer 

residence time of C2s leads to hrther oxidation of the desired products to non-selective 

C0,S. 

It should be noted, even though the same deposition procedure was used, that it 

was not possible to modi9 the placement of the deposited catalyst on the membrane tubes 

(i.e. the pronounced coating of catalyst on the toplayer for low selectivity Reactor #1 & 

#3 could not be removed). The overall result of the observed differences in the location of 

the catalyst, was to give Reactor #1 & #3 with the thin layer of Sm20, at the entrance, 

lower total CZ selectivities when compared to the more selective Reactor #2 which had a 

more uniform catalyst deposition within the cross-section. 

Figure 2. EDX digital mapping of Sm, AI, & Zr within the entire cross-section (x65) of 
the 0.02 pm pore diameter Reactor #1 which resulted in the lowest selectivity results. 
The image used is located in the lower right frame. 
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Figure 3 .  EDX digital mapping of Sm, AI, & Zr within the entire cross-section of (x65) 
the 0.02 pm pore diameter Reactor #2 which resulted in the highest selectivity results. 
The image used is located in the lower right frame. 

Figure 4. EDX digital mapping of Sm, Al, & Zr within the entire cross-section (x65) of 
the 0.02 pm pore diameter Reactor #3 which resulted in the middle selectivity results. 
The image used is located in the lower right frame. 
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Figure 5. EDX digital mapping of Sm, Al, & Zr within a magnified view (x700) of the 
toplayer, intermediate layer, and part of the support of tube for the 0.02 p.m pore 
diameter Reactor #1 which resulted in the lowest selectivity results. The image used is 
located in the lower right frame. 

Figure 6. EDX digital mapping of Sm, Al, & Zr within a magnified view (x700) of the 
toplayer, intermediate layer, and part of the support of tube for the 0.02 pm pore 
diameter Reactor #2 which resulted in the highest selectivity results. The image used 
is located in the lower right frame. 
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2. Packed Bed Reactor Studies in the Reactor SetuD Used for Radial Flow Catalytic 

Reactor 

A conventional fixed bed catalytic reactor was set up and run under the same 

experimental conditions as were used for the radial flow catalytic reactor studies. Two 

sources of the samarium oxide catalyst were used in these experiments. The first was the 

60-80 mesh commercially available samarium oxide, purchased from Aldrich Chemical 

Company (Catalog Number 36278). XRD analysis of this sample showed it to be 

predominantly the monoclinic form of Samarium oxide. Figure 8 shows the XRD spectra 

of this sample before and after being used in the methane coupling reaction. The 

monoclinic structure seems to be maintained throughout the reaction. The second source 

of Smz03 was an aqueous solution of samarium nitrate that was calcined in air to convert 

the nitrate into an oxide. Since the catalytic membranes used in the radial flow catalytic 

reactor studies were synthesized using samarium nitrate as the starting material, it was 

decided to study fixed bed reactor performance using the same nitrate source for 

samarium oxide. This allowed a more realistic comparison of the reactor performances. 

XRD analysis of samarium oxide synthesized from samarium nitrate, using the same 

calcination cycles as used for treating the ceramic membranes, showed the oxide to be 

essentially in the cubic form. Figure 9 shows the XRD spectra of this sample before and 

after being used in the reactor for methane coupling studies. The cubic form was retained 

after the reaction. Methane coupling experiments were run under identical conditions with 

the two forms of samarium oxide: the one that was obtained commercially, which was of 

the monoclinic form, and the one that was synthesized from the nitrate which was chiefly 

of the cubic form. Results from these experiments are summarized in Figure 10. The 

conversion-selectivity plots indicate that the cubic form of Samarium oxide was more 

active and selective for methane coupling as compared to the monoclinic form. The more 

active form of the samarium oxide catalyst will be used in all our catalytic membrane 

reactors. 
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Figure 8. Packed Bed Reactor #1, Sm203 catalyst powder from Aldrich. 
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Figure 10. Total C2 selectivity vs. methane conversion for the three different packed 

bed reactors. (Arrows indicate catalyst deactivation. Packed bed Reactor #2 has twice 

the volume as Reactor #3.) 
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3. Modeling and Simulation 

Results f?om modeling and simulations of membrane reactors were presented at 

the 1995 AIChE spring meeting held at Boston. Modeling studies assume a series-parallel 

reaction scheme where the desired product is an intermediate and can hrther convert into 

the undesired product. This scheme is similar to the methane coupling kinetics where the 

C, hydrocarbons undergo hrther oxidation to form the COX products. Modeling results 

indicate that higher yields and selectivity can be obtained in membrane reactors as 

compared to conventional co-feed, fixed bed reactors for reactions when the limiting 

reactant is metered in a membrane reactor. 

A systematic and general model was proposed for the simulation of cross-flow 

reactors with product removal and reactant feed policies. Six types of cross-flow reactors 

were analyzed for reversible series-parallel reaction systems and their optimal feed 

distributions were determined by maximizing the desired product yield at the outlet of the 

reactor. The performances of reactors with different types of feed policies were compared 

at their optimal operating conditions. For irreversible reaction systems with lower order in 

distributed reactant for desired reaction than those for undesired reactions, higher yield 

and selectivity of the desired product could be achieved by reactors with staged feed than 

by conventional co-feed reactor and sufficiently high residence time was required by 

staged feed reactors to significantly improve the desired product yields and selectivities 

over those obtained by a co-feed reactor. However for reversible reaction systems, the 

desired product yield always reached a maximum value then dropped down as the 

residence time increased. In addition to the kinetic order and residence time requirements, 

the rate constants of the reactions involved have to fall within certain ranges for the 

distributed feed reactor to obtain higher maximum yield than one-stage co-feed reactors. 

Optimally distributed feed reactors always give higher maximum product yields than 

evenly distributed reactors with the same number of feed points. However the 

improvement of yields is not as great as that between co-feed reactors and evenly 

distributed reactors. 
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FUTURE WORK 

Prefabricated dense membranes tubes have been obtained and the parts necessary 

to build a dense membrane reactor are being procured. A quartz tube reactor which serves 

as the shell side is combined with the oxygen conducting perovskite dense membrane tube 

to form a shell-and- tube type reactor for use in our studies on methane coupling. Both the 

catalytic activity towards methane coupling as well as oxygen fluxes will be carried out at 

elevated temperatures. 

To test the efficacy of the dense membranes for improving hydrocarbon selectivity 

in methane coupling, two configurations for contacting the reactants with the catalyst are 

proposed to be studied in these reactors. In one configuration, the methane coupling 

catalyst is pelletized and packed on the tube side of the shell-and- tube type membrane 

reactor, with the dense membrane serving as the tube of the reactor. Oxygen permeates 

through the membrane and reacts with the methane feed in the presence of the catalyst 

on the tube side. The second configuration has the methane coupling catalyst coated on 

the inner walls of the dense membrane tube. The packed catalyst bed configuration allows 

comparisons of the dense membrane reactor with our earlier studies on packed catalyst 

beds in porous Vycor membrane reactors. The coated catalyst tube configuration might be 

a more efficient way of maintaining an oxidized state of the catalyst, that is beneficial for 

methane coupling. 
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ABSTRACT 

The research focus, for the development of a radial flow catalytic membrane 

reactor for studying methane coupling, concentrated on understanding the effects of pore 

size, catalyst loading and catalyst distribution inside the membrane, on the hydrocarbon 

selectivity. The experimental results from the catalytic studies of oxidative coupling of 

methane in the radial flow membrane reactors are summarized in this report and the 

reactor performances of three radial flow reactors with pore sizes of 0.02 ym are 

interpreted by the energy dispersive X-ray digital mapping (EDX) technique. 

A conventional fixed bed catalytic reactor was set up and run under the same 

conditions as were used for the radial flow reactor studies. Two sources of samarium 

oxide catalysts were used in these experiments and their performances were compared in 

terms of CZ selectivity at same methane conversion. Compared to the monoclinic form of 

samarium oxide, the catalyst with cubic form was more active and selective for methane 

oxidative coupling. 

A general reactor model for oxidation reactions with distributed feed of oxygen 

and product removal strategies was proposed. Six types of feeding modes were analyzed 

and their feed distributions were optimized such that the desired product yields at the 

reactor outlet were maximized. 
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PROJECT OBJECTIST 

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

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

to achieve conversion of methane to Cz 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 property permits balancing the rate of oxidation 

and reduction of the catalyst. In addition? membrane reactors control the concentration of 

gas phase oxygen thus reducing non selective gas phase reactions? which are believed to 

be a main route for formation 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 : 6125194-9/24/95 

1. Catalytic Membrane Reactor 

Research efforts focused on studies of methane coupling, using the catalytically 

active radial flow membrane reactor. Earlier studies showed that the toplayer pore size 

did not have much effect on the hydrocarbon selectivity for methane coupling and that 

C2 selectivity increases with the increasing of flowrate and the decreasing of methane 

conversion. The higher pressures for all pore sizes investigated resulted in only minor 

changes in methane conversion and total C2 selectivity. CH4 conversion increased by 

2%-3% at the higher pressures, while C2 selectivity remained relatively unchanged or 

dropped by one or two percentage points. Current investigations centered on trying to 

study the relationship between catalyst distribution inside the membrane and the 

catalytic activity. 

Experimental results with catalytic membrane reactors of different pore sizes are 

summarized in Figure 1. Three different pore size membranes, 0.02, 0.2, and 5.0 pm, 

were used in the studies and are included in this comparison. The results show similar 

conversions and total C2 selectivities for the 0.2 and 5.0 pm reactors. Three different 0.02 

pm reactors were constructed, Reactors #1, #2, and #3. These reactors were constructed 

and deposited with catalyst using the same construction and catalyst deposition 

procedures. However, as shown in Figure 1, the 0.02 pm pore diameter Reactor #2 gave 

higher total C2 selectivities than the 0.02 pm pore diameter Reactor #1 and Reactor #3. In 
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an effort to understand the difference in reactor performance of the 0.02 pm pore diameter 

reactors, EDX analysis was undertaken. 
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Figure 1. Overall reactivity comparison of the 0.02, 0.2, and 5.0 pm pore diameter 

reactors. Three different 0.02 0 pm pore diameter reactors are included. 

Energy Dispersive X-ray Digital Mapping (EDX) was used to characterize the 

three 0.02 pm reactors. Using this technique, it was possible to qualitatively observe 

differences in the location of deposited catalyst within the reactor. A cross-section of each 

of the three 0.02 pm reactors was used to perform the elemental mapping on samarium. 

4 



5 

Digital mapping was performed at two different magnifications for each of the three 0.02 

pm reactors (Figures 2-7). 

One view for the mapping was of the entire reactor cross-section, from the inside 

toplayer and intermediate layer to the outside diameter of the support (Figures 2-4). This 

entire cross-section map (magnification = x65) covered the whole porous tube thickness 

of 1.5 mm. Another, higher magnification view (x700) showed only the toplayer, 

intermediate layer, and a small section of the support material (Figures 5-7). 

EDX results from elemental mapping of the entire cross-section for each reactor 

showed that the deposited catalyst was well dispersed throughout the cross-section for all 

the reactors (see Figures 2-4). Also observed in Figures 2-4 for all reactors was a slightly 

higher intensity of the catalyst within or around the membrane (the right edge of the 

samarium maps in Figures 2-4, the samarium maps are located in the upper left of each 

figure). 

Differences were observed when comparing the magnified (x700) digital maps (see 

Figures 5-7) for the three 0.02 pm reactors. Reactor #2 showed an even smooth 

deposition of the catalyst within the membrane and intermediate layer with a decreasing 

concentration gradient into the support as depicted in Figure 5. In contrast, Reactor #1 

and Reactor #3, which both gave lower Cz selectivity results, were observed to have 

distinct high catalyst intensity lines at the outermost edge of their respective toplayers (see 

Figure 6 & 7). As a result of this catalyst coating on the toplayer, the dispersion of 

catalyst in Reactor #1 and Reactor #3 was not as even throughout the membrane cross- 

section as was observed in Reactor #2. 

Even though the same catalyst deposition procedure was used and the same pore 

size membranes were studied in the three 0.02 pm reactors, different total C2 selectivities 

were observed. Characterization of the three reactors using digital mapping revealed that 

the location of the catalyst within the cross-sections was not the same when comparing the 

three reactors. The lower C2 selectivity results of Reactor #1 and Reactor #3 are believed 

to have occurred due to the pronounced thin layer of Sm203 which was observed covering 

the inlet side of the toplayer. Reactor #1, #2, and #3 all have similar total catalyst loadings. 

Therefore, Reactors #1 & #3 have relatively more catalyst towards the entrance of the 
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reactor. More catalyst at the entrance of these reactors results in the production of more 

C2s earlier during the passage of the gases through the membrane. As a result, these 

initially produced C2s undergo a longer residence time within the reactor. The longer 

residence time of Czs leads to fbrther oxidation of the desired products to non-selective 

C0,S. 

It should be noted, even though the same deposition procedure was used, that it 

was not possible to modi@ the placement of the deposited catalyst on the membrane tubes 

(i.e. the pronounced coating of catalyst on the toplayer for low selectivity Reactor #1 & 

#3 could not be removed). The overall result of the observed differences in the location of 

the catalyst, was to give Reactor #1 & #3 with the thin layer of Sm203 at the entrance, 

lower total C2 selectivities when compared to the more selective Reactor #2 which had a 
more uniform catalyst deposition within the cross-section. 

Figure 2. EDX digital mapping of Sm, Al, & Zr within the entire cross-section (x6.5) of 
the 0.02 pm pore diameter Reactor #I which resulted in the lowest selectivity results. 
The image used is located in the lower right frame. 
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Figure 3.  EDX digital mapping of Sm, Al, & Zr within the entire cross-section of (x65) 
the 0.02 pm pore diameter Reactor #2 which resulted in the highest selectivity results. 
The image used is located in the lower right frame. 

Figure 4. EDX digital mapping of Sm, Al, & Zr within the entire cross-section (x65) of 
the 0.02 Vrn pore diameter Reactor #3 which resulted in the middle selectivity results. 
The image used is located in the lower right frame. 
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Figure 5 .  EDX digital mapping of Sm, AI, & Zr within a magdied view (x700) of the 
toplayer, intermediate layer, and part of the support of tube for the 0.02 pm pore 
diameter Reactor #I which resulted in the lowest selectivity results. The image used is 
located in the lower right frame. 

eu L- 

Figure 6. EL,, uL,d mapping of Sm, AI, & Zr within a magnified view (x700) of the 
toplayer, intermediate layer, and part of the support of tube for the 0.02 pm pore 
diameter Reactor #2 which resulted in the highest selectivity results. The image used 
is located in the lower right frame. 
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Figure 7. EDX digital mapping of Sm, Al, & Zr within a magnified view (x700) of the 
toplayer, intermediate layer, and part of the support of tube for the 0.02 pm pore 
diameter Reactor #3 which resulted in the middle selectivity results. The image used is 
located in the lower right frame. 
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2. Packed Bed Reactor Studies in the Reactor Setur, Used for Radial Flow Catalytic 

Reactor 

A conventional fixed bed catalytic reactor was set up and run under the same 

experimental conditions as were used for the radial flow catalytic reactor studies. Two 

sources of the samarium oxide catalyst were used in these experiments. The first was the 

60-80 mesh commercially available samarium oxide, purchased from Aldrich Chemical 

Company (Catalog Number 36278). XRD analysis of this sample showed it to be 

predominantly the monoclinic form of Samarium oxide. Figure 8 shows the XRD spectra 

of this sample before and after being used in the methane coupling reaction. The 

monoclinic structure seems to be maintained throughout the reaction. The second source 

of Sm203 was an aqueous solution of samarium nitrate that was calcined in air to convert 

the nitrate into an oxide. Since the catalytic membranes used in the radial flow catalytic 

reactor studies were synthesized using samarium nitrate as the starting material, it was 

decided to study fixed bed reactor performance using the same nitrate source for 

samarium oxide. This allowed a more realistic comparison of the reactor performances. 

XEW analysis of samarium oxide synthesized from samarium nitrate, using the same 

calcination cycles as used for treating the ceramic membranes, showed the oxide to be 

essentially in the cubic form. Figure 9 shows the XRD spectra of this sample before and 

after being used in the reactor for methane coupling studies. The cubic form was retained 

after the reaction. Methane coupling experiments were run under identical conditions with 

the two forms of samarium oxide: the one that was obtained commercially, which was of 

the monoclinic form, and the one that was synthesized from the nitrate which was chiefly 

of the cubic form. Results from these experiments are summarized in Figure 10. The 

conversion-selectivity plots indicate that the cubic form of Samarium oxide was more 

active and selective for methane coupling as compared to the monoclinic form. The more 

active form of the samarium oxide catalyst will be used in all our catalytic membrane 

reactors. 
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Figure 8. Packed Bed Reactor #1, Sm203 catalyst powder from Aldrich. 
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bed reactors. (AKOWS indicate catalyst deactivation. Packed bed Reactor #2 has twice 

the volume as Reactor #3.) 
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3. Modeling: and Simulation 

Results from modeling and simulations of membrane reactors were presented at 

the 1995 AIChE spring meeting held at Boston. Modeling studies assume a series-parallel 

reaction scheme where the desired product is an intermediate and can fbrther convert into 

the undesired product. This scheme is similar to the methane coupling kinetics where the 

C2 hydrocarbons undergo hrther oxidation to form the COX products. Modeling results 

indicate that higher yields and selectivity can be obtained in membrane reactors as 

compared to conventional co-feed, fixed bed reactors for reactions when the limiting 

reactant is metered in a membrane reactor. 

A systematic and general model was proposed for the simulation of cross-flow 

reactors with product removal and reactant feed policies. Six types of cross-flow reactors 

were analyzed for reversible series-parallel reaction systems and their optimal feed 

distributions were determined by maximizing the desired product yield at the outlet of the 

reactor. The performances of reactors with different types of feed policies were compared 

at their optimal operating conditions. For irreversible reaction systems with lower order in 

distributed reactant for desired reaction than those for undesired reactions, higher yield 

and selectivity of the desired product could be achieved by reactors with staged feed than 

by conventional co-feed reactor and sufficiently high residence time was required by 

staged feed reactors to significantly improve the desired product yields and selectivities 

over those obtained by a co-feed reactor. However for reversible reaction systems, the 

desired product yield always reached a maximum value then dropped down as the 

residence time increased. In addition to the kinetic order and residence time requirements, 

the rate constants of the reactions involved have to fall within certain ranges for the 

distributed feed reactor to obtain higher maximum yield than one-stage co-feed reactors. 

Optimally distributed feed reactors always give higher maximum product yields than 

evenly distributed reactors with the same number of feed points. However the 

improvement of yields is not as great as that between co-feed reactors and evenly 

distributed reactors. 
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FUTURE WORK 

Prefabricated dense membranes tubes have been obtained and the parts necessary 

to build a dense membrane reactor are being procured. A quartz tube reactor which serves 

as the shell side is combined with the oxygen conducting perovskite dense membrane tube 

to form a shell-and- tube type reactor for use in our studies on methane coupling. Both the 

catalytic activity towards methane coupling as well as oxygen fluxes will be carried out at 

elevated temperatures. 

To test the efficacy of the dense membranes for improving hydrocarbon selectivity 

in methane coupling, two configurations for contacting the reactants with the catalyst are 

proposed to be studied in these reactors. In one configuration, the methane coupling 

catalyst is pelletized and packed on the tube side of the shell-and- tube type membrane 

reactor, with the dense membrane serving as the tube of the reactor. Oxygen permeates 

through the membrane and reacts with the methane feed in the presence of the catalyst 

on the tube side. The second configuration has the methane coupling catalyst coated on 

the inner walls of the dense membrane tube. The packed catalyst bed configuration allows 

comparisons of the dense membrane reactor with our earlier studies on packed catalyst 

beds in porous Vycor membrane reactors. The coated catalyst tube configuration might be 

a more efficient way of maintaining an oxidized state of the catalyst, that is beneficial for 

methane coupling. 
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