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not necessarily constitute or imply its endorsement, recommendation or favoring by the United States 

Government or any agency thereof. The views and opinions of authors expressed herein do not 
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ABSTRACT 

 This project is intended to expand upon the previous year’s research en route to the 

development of a sustainable dual phase membrane for CO2 separation.  It was found that the pores 

within the supports had to be less than 9 µm in order to maintain the stability of the dual phase 

membrane.  Pores larger than 9 µm would be unable to hold the molten carbonate phase in place, 

rendering the membrane ineffective.  Calculations show that 80% of the pore volume of the 0.5 

media grade metal support was filled with the molten carbonate.  Information obtained from EDS 

and SEM confirmed that the molten carbonate completely infiltrated the pores on both the contact and 

non-contact size of the metal support.        

 Permeation tests for CO2 and N2 at 450-750°C show very low permeance of those two gases 

through the dual phase membrane, which was expected due to the lack of ionization of those two 

gases.  Permeance of the CO2 and O2 mixture was much higher, indicating that the gases do form an 

ionic species, CO3
2-, enhancing transport through the membrane.  However, at temperatures in excess 

of 650°C, the permeance of CO3
2- decreased quite rapidly, while predictions showed that permeance 

should have continued to increase.   

 XRD data obtained form the surface of the membrane indicated the formation of lithium iron 

oxides on the support.  This layer has a very low conductivity, which drastically reduces the flow of 

electrons to the CO2/O2 gas mixture, limiting the formation of the ionic species.  These results 

indicate that the use of stainless steel supports in a high temperature oxidative environment can lead 

to decreased performance of the membranes.  This revelation has created the need for an oxidation 

resistant support, which can be gained by the use of a ceramic-type membrane.  Future research 

efforts will be directed towards preparation of a new ceramic-carbonate dual phase membrane.  The 

membrane will based on an oxide ceramic support that has an oxidation resistance better than the 

metal support and high electronic conductivity (1200-1500 S/cm) in the interested temperature range 

(400-600oC).  
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INTRODUCTION 

This report intends to expand upon the continued development of a dual-phase inorganic 

membrane for CO2 separation.  The first year of research dealt primarily with the establishment of a 

gas-tight dual phase membrane and reliable permeation setup.  The overall goal was to be able to 

characterize the membranes in the intermediate temperature range in an oxidizing atmosphere.  This 

report will detail the results obtained from experiments pertaining to dual phase membrane separation 

of CO2 at high temperatures. 

The dual phase membrane is composed of a porous stainless steal support (disk-shaped) 

infiltrated with a molten carbonate mixture (Li2CO3, K2CO3, NaCO3).  The metal phase not only 

serves as the support of the membrane, but also provides the electrons necessary to facilitate the 

separation of CO2.  The addition of carbonates allows for very good ionic conductivity of CO3
2- 

through the pores of the support.  Separation is driven by the partial pressure gradient of CO2 

between the up and downstream sides of the membrane.  Figure 1 demonstrates the method by which 

carbon dioxide can be separated using a dual phase membrane.  
 

 
Figure 1.  Schematic illustration of the new dual-phase membrane for carbon dioxide separation 

 

CO2 and O2, in the presence of an electron rich environment, have the tendency to ionize and form 

CO3
2-, as shown: 

−− ⎯→←++ 2
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The ionic product of the above reaction is conductive in the molten carbonate phase, giving rise to the 

separation of CO2.  Nitrogen, however, is unlikely to be ionized, thus it will not transport through the 

membrane.  Therefore, the CO2/N2 selectivity of the membrane is theoretically infinite.  

Additionally, no external electrodes or current are required to produce the electrons necessary in 

Reaction A, as the natural “electron cloud” in the metal support provides plenty of electrons.  Once 
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the CO3
2- reaches the downstream side of the membrane, the electrons are released back into the metal 

support.  Accordingly, the CO3
2- ion becomes CO2 and O2.     

 

EXPERIMENTAL 

Three different media grades (5, 2 and 0.5) of porous stainless steel disks (from Mott Co.) 

were considered for use as the supports of the dual phase membrane.  Each support was 19.5mm in 

diameter and 1.58mm thick.  The supports are composed of compacted stainless steel particles, 

which give rise to their porous nature.  The molten carbonate phase consisted of a mixture of lithium 

(Li), sodium (Na) and potassium (K) carbonate on a molar ratio of 42.5:31.5:25.  Ground powders of 

the carbonate mixture were placed into a crucible and heated past the melting point of the mixture 

(397°C) for infiltration in the supports. 

Prior to infiltration of the carbonate mixture, the metal supports had to be preheated for 

nearly 30 minutes to 500-600°C.  Once the support had been heated for the appropriate amount of 

time, the bottom surface of the support was brought into contact with the molten carbonate.  It was 

not necessary to immerse the entire support, as capillary action caused molten carbonate to adequately 

fill the pores.    

            
Figure 2. Preparation step for dual-phase membrane 

 

Different support preheating and contact times with the molten carbonate were examined.  The 

amount of carbonate uptake was determined by weighting the supports before and after infiltration.  

The surfaces of the dual phase membranes before and after high temperature permeation tests were 

analyzed using XRD, SEM an EDS.  The average pore size of the dual phase membranes was 

determined from steady state helium permeation tests [1]. 

The gas tightness of each membrane used was verified by performing helium permeation 

tests at room temperature.  For low temperature permeation tests, a rubber O-ring (West O-ring) was 
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use to seal the membrane.  During high temperature permeation experiments, gold gaskets were used 

to seal the membranes.   

 

RESULTS AND DISCUSSION 

Membrane Synthesis and Characterization 

The infiltration characteristic of the support and carbonate were examined.  It was observed 

that if the support was at a low temperature (<500°C) when it touched the surface of the molten 

carbonate, the contacting carbonates solidified on the surface of the support.  This occurrence 

drastically limited infiltration of the molten carbonate into the pores of the support.  On the other 

hand, when the support was at a high temperature (>500°C), there was no such formation of the 

‘frozen carbonate layer’ and capillary action caused the majority of the pore volume to be filled by the 

molten carbonate, which can be seen in Figure 3. 

 

 
(a) SEM image of dual-phase membrane 

 

   
(b) Elemental analysis of dark region   (c) Elemental analysis of light region 

 
Figure 3. SEM/EDS results of dual phase membrane  

before permeation experiment 1000 X (50µm scale)the    
 

Three different media grades (5, 2 and 0.5) of stainless steel disks were evaluated for use as 

the supports of the dual phase membrane.  One of the key features of these supports is the 

characteristic pore size.  Infiltration of molten carbonate occurs in these pores because of capillary 

action.  However, during high temperature permeation tests, the pressure gradient created between 
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the up and downstream gases can be cause for concern.  The force holding the molten carbonate in 

the pores has to exceed the pressure force; otherwise, “blowout” of the molten carbonate phase will 

occur, rendering the membrane ineffective.  The radius of an individual pore that creates enough 

force to maintain the stability of the dual phase membrane was determined from the Laplace equation: 

     21

cos2
PP

r
−

=
ϑσ

    (2) 

The contact angle (θ) of the molten carbonate is considered to be zero due to the fact that in a high 

temperature, oxidative environmental, the molten carbonate phase is very wetable [2], hence the lack 

of any contact angle.  The surface tension between the support and molten carbonate was determined 

from Equation 3 and the constants in Table 1. 

     bTa −=σ     (3) 

Table 1. Constants in the correlation for surface tension 
 

Correlated Surface Tension [mN/m] Temperature 

Range [K] 

a 

[mN/m] 

b 

[mN/m.K] At 673K At 773K 

739-1062 287.1 0.0694 259.34 252.4 

 

Using the calculated values for the surface tension, Equation 2 established that a minimum pore size of 9 µm 

was required to hold the molten carbonate in place.  Table 2 shows the average pore size of the three kinds of 

supports considered for this research.   
 

Table 2. Pore Size for Various Media Grade Supports 
 

Media Grade Average Pore Radius 
(µm) 

5 83.6 
2 73.5 

0.5 7.8 
 

 Based on the calculations, only media grade 0.5 was applicable.  This conclusion is further 

verified up by the fact that media grades 2 and 5 did now show sufficient gas tightness at room 

temperature (helium permeance > 10-8 mols/s.Pa.m2 at room temperature) leading to the belief that 

molten carbonate did not completely fill or remain in the pores of those particular supports.  

Conversely, the dual phase membrane created from the 0.5 media grade showed helium permeance 

levels lower than 10-10 mols/s.Pa.m2, showing the support has been sufficiently filled with molten 

carbonate.  

 The theoretical maximum amount of carbonate that could infiltrate the support was 

determined to be 0.264g.  This value was based on porosity and density of the support.  Using the 
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following density correlation and the values in Table 3, the density of the support was calculated. 

     BTA −=ρ     (4) 

Table 3. Constants of density correlation 
 

Correlated density [kg/m3] Melting Point 

[K] 

A 

[kg/m3] 

B 

[kg/m3.K] At 673K At 773K 

670 2512.8 0.5441 2295.16 2240.75 

 
From the calculations, it was determined that 80% of the pore volume was filled by the molten 
carbonate after the dip coating process.  This was visually confirmed from SEM imagines, which 
showed completely filled pores on both sides of the membrane.   

 
a) 

  
 

b)       c) 

      
 

200 X (200µm scale)  
 

Figure 3.  SEM images of  (a) metal support, (b) molten carbonate contact side of dual-phase 
membrane (after polishing), and  (c) the opposite side of dual-phase membrane 

*        Metal phase          Molten carbonate phase 
 
 The images confirm the notion that the molten carbonate infiltrates the support during the 
synthesis of the dual phase membrane.  The SEM images show that there are no empty pores within 
the support on either the contact or non-contact side.  This proves that the capillary force is sufficient 
to fill the pores completely with molten carbonate.  With the ability to sufficiently produce a dual 
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phase membrane, the next step in the process was to perform CO2 permeation experiments at high 
temperatures.   
 
Gas Permeation and High Temperature Erosion 
 The performance of the dual phase membrane sealed with a gold gasket was examined over a 
temperature range of 450 to 650°C.  Experiments were run for permeation of pure N2, pure CO2 and 
a CO2/O2 gas mixture.  The results can be viewed in Figure 4. 
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Figure 4.  Gas permeance for pure CO2, N2, and CO2 for the  
CO2/O2 mixture at different temperatures 

 

The figure shows that the permeance of pure CO2 and N2 is very low to begin with, and 
becomes even lower as the temperature is increased.  The low permeance can be attributed to the fact 
that alone, CO2 and N2 are unlikely to ionize, hence their limited transport through the molten 
carbonate phase.  Furthermore, the graph reaffirms the notion that the ionization CO2 and O2 
occurred.  This is evident because the CO2/O2 mixture had the higher levels of permeance at every 
recorded temperature.  After 650°C, the increase in temperature was a detriment to the transport of 
CO2/O2.  Eventually, the temperature increase caused permeance to decrease to nearly that of which 
was seen for the pure gases.  

The neutral flux of CO2 through the dual phase membrane is related to the conductivities of 

the ionic species, CO3
2-, and the electrons (e-) in the metal support. 

t
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elion

elion
CO Pd
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RTJ t

t

ln
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3 ''

'22 ∫ +
−=

σσ
σσ

   (5) 

Because the conductivity of the electrons (σel) in the support (~104 S/cm) is much more dominant than 
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that of the conductivity of molten carbonate (σion , 0.5-2 S/cm), the following simplification was 

made: 

ion
el

elion

elion

elion σ
σ
σσ

σσ
σσ

=≈
+

   (6) 

With this simplification, integration of CO2 produces Equation 7: 
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The conductivity of CO3
2- (σion) as a function of temperature was described empirically by [3]: 

)7.3716exp(8192.83
Tion

−
=σ  ]/[ cmS    (8) 

From Equation 8, one would expect the ionic conductivity of the CO3
2- species to increase as 

temperature rose, but as it was shown earlier, that is not the case.  The actual results versus that of 

what was predicted by Equation 7 are shown in Figure 5.  From 450 to 650°C, the data agrees 

reasonably well with the experimental results.  Beyond 650°C, there is a huge discrepancy between 

the predictions and actual results. 
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Figure 5. Comparison of experimental and theoretical permeance 
 

Potential reasons for the decrease in permeance of the membrane temperatures above 650°C were 

sought to provide insight to the problem.  The dual phase membrane was examined post 

experimentation using XRD, and the results are shown in the Figure 6 and 7. 
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Figure 6 and 7. XRD patterns of membranes after permeation tests with  

2:1 CO2-O2 at 500 oC (upper) and  600 oC (lower) 
 

 The XRD results indicate that LiFe5O8 and LiFeO2 formed on the surface of the membrane 

during high temperature permeation tests.  Previous research has shown that in the presence of 
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oxygen and CO2, molten carbonates will react with the metal supports to form lithium iron oxides [4]. 
 

285
2
2

2
3

3 75 COOLiFeOCOLiFe +→+++ −−++  (450~600 oC)  (B) 

22
2

2
2

3
3 2322 COLiFeOOCOLiFe +→+++ −−++  (>600 oC)  (C) 

 

LiFeO2, in particular, has a very low conductivity (3x10-3 S/cm) [5].  Formation of this compound on 

the surface of the membrane limits the transport of electrons to the CO2 and O2 gas mixture on the 

upstream side of the membrane.  Therefore, Reaction A becomes inhibited and formation CO3
2- 

decreases.   Consequently, the transport of CO2 through the membrane is governed by a decrease in 

conductivity at high temperatures due to the formation of these lithium iron oxides [6,7].   

 

CONCLUSIONS 

 Stainless steel supports were infiltrated with a molten carbonate mixture to produce dual 

phase membranes for CO2 separation.  The minimum pore size required to maintain stability of the 

dual phase membrane was 9 um.  Only the 0.5 media grade stainless steel supports had pore sizes 

less than 9 um (7.8um), thus only those were used during experimentation.  Permeance of the 

CO2/O2 gas mixture rose steadily from 450-650°C, but decreased rapidly afterwards.  XRD showed 

the presence of lithium iron oxides on the surface of the dual phase membranes after use in a high 

temperature oxidative environment.  The presence of these lithium iron oxides decreases the 

conductivity of the membrane, hence limiting the transport of the electrons to the upstream side of the 

membrane.  Therefore, transport of the ionic species through the membrane decreases.  The next 

step is to produce an electrically conductive ceramic membrane for high temperature, oxidative 

resistance.  The new dual phase membrane will incorporate the molten carbonate mixture and 

lanthanum cobaltite membrane, doped with various elements to enhance electronic conductivity. 
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