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Abstract 

Membranes of the glassy polymer polybenzimidazole (PBI) were formed and 

tested at temperatures above 300oC.  The membrane formation method provides a rapid 

screening technique for the evaluation of polymeric systems at elevated temperatures.  

The rigidity in the structure that limits appreciable gas transport at room temperature 

appears to be responsible for the retention of permselectivities in the material at 

temperatures above 100 oC.  The notion that PBI is a poor room temperature gas 

separation polymer is supported by its extremely low flux for hydrogen and carbon 

dioxide at room temperature.  The rigid structure of PBI appears to be more suited to the 

type of diffusivity based selectivity at temperatures above 150 oC.  This result opens a 

new tool for studying gas separation by polymeric membranes.  By selecting the optimal 

temperature for a membrane suited for a specific objective, it will be possible to develop 

tools for separating high temperature gas streams at their processing temperature.  This 

advantage could offer cost savings that may provide a new incentive for polymeric 

membranes. 

 

Keywords:  gas separations, membrane preparation and structure, high-temperature, 

polybenzimidazole 
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 Introduction 

The last decade has witnessed an increase in the use of polymeric membranes as an 

effective, economic and flexible tool for certain gas separations. For example, the 

commercial use of polymer membranes for air separation, the recovery of hydrogen from 

nitrogen, carbon monoxide, and methane mixtures, and the removal of carbon dioxide from 

natural gas has been widely reported.[1,2] In each of these applications, high fluxes and 

excellent selectivities have relied on glassy polymer membranes that base separations on 

differences in gas sizes.  To date, this technology has focused on optimizing materials for 

near ambient temperatures.  The development of polymeric materials that achieve the 

important combination of high selectivity, high permeability, mechanical stability, and 

processability at temperatures above 35˚C and pressures above several bar has been slow.  In 

this work we describe techniques that will hasten the development of polymeric materials for 

extreme conditions.   Temperature is used as a parameter to tune performance.  

This work describes the results of using a polybenzimidazole (PBI) meniscus 

membrane for gas separations.  The membrane is formed by the self-assembly of a polymer 

film into a thin meniscus that spans a small hole.  Capillary forces, viscosity and surface 

adhesion effects naturally control the formation of the polymer film. The result is a thin 

polymeric film that is strongly bound to the hole edges.  The advantages of this type of 

membrane is that it is very easy to form, a very small amount of material is needed, there are 

no sealing problems and many can be made in a short time.  The membrane is leak tight at 

high temperatures and pressure drops exceeding 50 psig. The technique is adaptable to a 

variety of polymers. 
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Permeability (P) in a polymeric membrane can be expressed as the product of an 

average diffusion coefficient (D) and an average solubility coefficient (S).[3] 

P=D*S                (1) 

In general, solubility decreases with increasing temperature, while diffusivity coefficients 

tend to increase with temperature.  As temperature increases there is a tradeoff between 

increasing diffusion and decreasing solubility trends.  It is the ratio of the change in the 

diffusivity and solubility for each gas pair over temperature that ultimately dictates 

performance.   Membranes possessing negligible permeability at room temperature may 

exhibit enhanced performance at elevated temperatures as increases in diffusivity offset 

solubility decreases.   Changing the operating temperature of a membrane can be used to 

“tune” and enhance overall performance.  Polymeric materials can also be screened for 

optimal performance at elevated temperatures.  This concept is shown graphically in Figure 

1.  

The solubility constant for gas pairs typically follows Henry’s law and is related to 

both the boiling point and critical point of the gas.  In a recent study which compared the 

solubility of O2, N2, CO2, and H2 in 23 different polymers it was noted that CO2 had the 

widest solubility range and the highest solubility.[4] The solubility constant of CO2 is also 

more sensitive to the polymer structure than the less polar O2, N2 and H2 molecules.  Overall, 

however, the solubility has less impact on the total membrane permselectivity than diffusion-

based properties.  The diffusion coefficient, a factor based on the ability of the polymer to 

function as a size and shape selective medium through polymer segment mobility and 

interchain packing plays a primary role in determining the overall permeability of gases in 

polymeric membranes.  



Pesiri, et al  Page 5  

 Polymeric membranes have exhibited high selectivity factors for several gas pairs 

including CO2/N2, CO2/CH4, and CO2/H2. The mixed gas selectivity value for the H2/CO2 gas 

pair is calculated by the following formula: 

αij =
(yi/yj)

(xi/xj)
(2) 

 

 

where αij is the selectivity factor for component i over component j, y is the mole fraction of 

each component in the permeate stream and x is the mole fraction of each component in the 

feed stream. The ideal selectivity factor 

 α = Pi/Pj       (3) 

 is calculated for a gas pair from two single gas experiments by comparing the relative 

permeance of each gas under identical separation conditions.  Currently the most effective 

CO2/CH4 separation polymers take advantage of the high mobility selectivity (~20) of glassy 

polymers coupled with solubility selectivity factors of 3-4 resulting in permselectivities of 

roughly 60 at 25˚C.[3] Permeabilities for these glassy polymers are typically 10-100 

Barrer.[3]   

Polybenzimidazoles (PBIs) and polyimides are polymers with very high thermal 

stabilities.  These materials have operating temperatures of up to 450˚C, which allow their 

use in applications unsuitable for nearly all other polymers.[5] In addition to excellent 

thermal stability these polymers are typically resistant to acids, bases, and most organic 

solvents.  They are mechanically strong and have a high compressive strength.[6] PBI and 

related polyimides are also highly processable and soluble in certain solvents allowing them 
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to be blended with copolymers and modifiers and cast into membranes.   The structure of the 

PBI used in this work is shown in Figure 2. 

A general rule for polyimide structure-permeability behavior at room temperature is that 

the inhibition of intersegmental packing and the reduction in the mobility of the polymer 

backbone can lead to improved permselectivity.   Diffusion through polymers in this model is 

often viewed as a series of jumps between gaps in the chain segments.[3] The movement of the 

polymer is related to the rigidity of the backbone units, the degree of intersegmental interactions 

and temperature.  Reports of thermally stable polyimides have described the relationship 

between polymer structure and permeability at elevated temperatures.  Truly quantitative 

relationships to guide structure-permeability optimization are not available, however.  Some 

reports suggest that retaining permselectivity at elevated temperatures is aided by polymers with 

rigid aromatic-heterocyclic backbone structures.[7] The permselectivity properties of polyimides 

has also been reported to be affected by intramolecular charge transfer interactions, functional 

groups that increase the free volume, and substituents that inhibit segmental motion.[8-10] 

 The inevitable tradeoff between selectivity and permeance for gas separation with 

polymeric membranes has been widely reported in the literature.  Observations from 

Robeson are useful in demonstrating this point.[4] In the separation of CO2 from CH4, there 

is a large effect of polymer structure on CO2 permselectivity. 

Dependence of Permselectivity on Temperature 

 A decrease in permselectivity with increasing temperature is well established for most 

gas separations.  Each gas pair is well known to have a varying degree of sensitivity to 

temperature.[3] Of all common gas pairs, CO2/CH4 is the most susceptible to the effects of 

increased temperature.[11] The diffusivity selectivity for CO2/CH4 decreases at a rate of more 
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than four times that of O2/N2 over a temperature range of 35 to 200˚C.  This phenomenon can 

be explained by considering the relative size of the gas molecules.  Table 1 shows that CO2 

and CH4 have a greater difference in size (0.5 Å) than O2 and N2 molecules (0.18 Å). 

Separations based predominantly on size difference are susceptible to extreme temperature 

effects because the diffusivities of larger molecules benefit more from increased polymer 

chain motions than do smaller molecules. At elevated temperatures at which interchain 

spacings are increased, separations based on differences in penetrant size are compromised.   

An example of the behavior of the diffusivity selectivity and the solubility selectivity for a 

polyimide membrane over a temperature range of 35-55˚C was reported by Koros in 

1989.[12] 

Experimental 

This technique for the rapid screening of polymeric materials at elevated temperatures relies 

on test fixtures with small holes in the center.  These VCR® metal blanks provide metal to 

meal seals.  Ideally, this technique will be capable of providing a rapid-throughput method of 

screening polymeric materials and blends in a quick and reliable manner.   The gas separation 

membrane is formed by the self-assembly of a polymer film into a thin meniscus that spans a 

small hole.  Capillary forces, viscosity and surface adhesion effects naturally control the 

formation of the polymer film. The result is a thin polymeric film that is strongly bound to 

the hole edges.  For PBI, a gas-tight seal is formed that withstands pressure drops in excess 

of 50 psig and temperatures above 400˚C.  The meniscus that forms when the polymer dries 

in the hole is characterized by a thick structure at the point of attachment to the support 

material (the sides of the hole) and a minimum thickness at the center of the membrane.   The 

result is a polymer membrane that self-assembles into a concave “lens.”   
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 The shape of the membrane resulting from the meniscus structure is well suited 

for studying the separation properties of the polymer.  The desirability of high fluxes in 

gas separation makes thin membranes attractive.  A problem with thin polymer films is 

their fragility, even in composite structures.  In capitalizing on the natural formation of a 

structurally optimized meniscus, this process yields membranes that are both thin and 

strong.  Figure 3 shows a resulting membrane along with a cross section made toke the 

thickness measurement.  The fact that PBI survived the cutting shows the strength of 

these glassy polymers. Because the supported area is mainly next to the edges, the 

meniscus shape is difficult to see on the cross section.  Thicker edges are more easily 

observed from the top view.  This geometry of the film seems to be acting to enhance 

flux while maintaining a large contact area with the metal support to improve strength. 

The inherent strength of the concave arch structure surpasses the strength of flat sheet 

membrane geometry.  A drawback to the shape and casting approach in this meniscus 

method is the nonuniformity in thickness across the hole.  Calculating the gas flux 

through these membranes relies on an assumption about the average or effective 

thickness.  This assumption of a thickness based on post-test measurements is likely to 

introduce an error to the flux calculation but selectivity factors are unaffected.  As a 

screening tool, relative fluxes are generally adequate and can be easily benchmarked with 

gas transport data from conventional polymeric materials in meniscus form.  

 The meniscus membranes are made by casting a polymer solution inside a hole of 

the desired diameter formed in a VCR® metal blank.  A small drop of a 5 wt.% solution 

of PBI in dimethylacetamide is placed over the hole.  Excess solution is wicked off with a 

tissue.  The membrane is then allowed to dry on a hot plate at 50°C for at least 1 hour. It 
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is then heated for an additional 15 minutes at 150°C. This method is also applicable to 

other polymers in other solvents.  The drying and heating conditions will vary with the 

type of solvent and polymer.  Due to the ease of preparation, many meniscus membranes 

can be prepared in a short time.  PBI will span a hole that varies from 0.1 to 0.75 cm in 

diameter.  Membranes 0.13 cm in diameter were used routinely for this work and 

possessed a combination of high strength and reasonable gas flux.  The 0.13 cm meniscus 

membranes were roughly 4 µm in thickness at their center and were able to withstand a 

pressure drop in excess of 50 psig, even at temperatures above 300˚C.  The meniscus 

forms a helium-tight seal that is also stable to temperatures above 380˚C with the 

stainless steel housing.  The thickness of the meniscus membranes was measured by 

cutting the stainless steel blank and viewing the cross section with a high magnification 

microscope and camera.  The thickness of the membrane is 4 µm in the middle as 

compared against a calibrated standard.  As the concave lens shape extends to the outer 

edge of the membrane, the thickness increases at the ends.  Permeability calculations 

(units of Barrers) assumed a uniform thickness of 4 µm throughout the membrane making 

the values for the flux lower estimates.   

 The extremely low fluxes through these membranes with only 0.05 cm2 of area 

required a detection method with high sensitivity.  Gas chromatography was used to 

quantify the appearance of gas into a vacuum on the permeate side of the membrane.  

Rates of increase over time were calibrated using calibrated leaks.  The GC column used 

was a silane coated microcapilary system.   A schematic of the test apparatus is shown in 

Figure 4. 
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Results 

Our initial focus was to investigate gas separation at temperatures relevant to 

industrial processes.  For example, methanol reforming is carried out between 300 and 

350˚C.   Separating the hydrogen from the reformate stream at temperatures close to that 

of the reformer would allow a membrane to be integrated into a process with a minimal 

temperature penalty.  We have extended the investigation of polymer membranes up to 

temperatures of 340˚C.  The ability to conduct these measurements relied on 

polybenzimidazole (PBI, Tg = 435˚C) as a thermally stable membrane material.  

Importantly, we have shown that the flux and selectivity of PBI meniscus membranes 

increase as temperatures increase.   

 In single gas experiments the permeance of hydrogen through the 4 µm thick 

meniscus membrane increased from 0.09 Barrer at room temperature to over 18 Barrer at 

340˚C.  Increasing flux as a function of temperature is not a remarkable feature of a 

polymeric membrane driven by the solution-diffusion mechanism for gas transport.  As 

the temperature increases, the diffusion component of the transport behavior is increased 

due to increased interchain motion and related kinetic phenomena.  A single gas 

experiment showed that CO2 transport was also increased significantly with increased  

temperature, ranging from 0.01 Barrer at 25˚C to over 4 Barrer at 340˚C.  It is interesting 

that the hydrogen permeance shows non-Arrhenius behavior as different affects compete 

at the higher temperature.  It seems that the H2 diffusivity increase becomes offset by 

selectivity decreases at the higher temperatures.  One possible reason for this is the CO2 

permeance could be more dominant at higher temperatures.  These results are shown in 

Figure 5.   
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The mixed gas results for the H2/CO2 gas pair were similar to the single gas 

results.  The hydrogen and carbon dioxide permeances increase as the temperature 

increases.   At 320˚C the permeance of hydrogen is roughly 11 Barrer and the permeance 

of CO2 is 3 Barrer.  The resulting selectivity, 3:1 is not the highest at 320˚C.  Between 

200 and 270˚C the selectivity of the H2/CO2 gas pair reaches levels of 20:1, a result that is 

considerable higher than the 25˚C value of unity.   The mixed gas results for H2/CO2 gas 

pairs are shown in Figure 6.   

 The CO2/CH4 gas pair was also studied to test the effect of elevated temperature 

on the PBI meniscus membrane.  The mixed gas results appear in Figure 7. The 

permeance of both gases increased over the temperature range of 25 to 320˚C although 

carbon dioxide increased to a much greater degree.  The selectivity of the CO2/CH4 gas 

pair reached 33 at 250˚C.   

  
Conclusion 

Given the importance of the rigid structure of a polymer in providing diffusivity-

based selectivity one would assume that elevated temperatures would necessarily erode 

gas pair selectivity.  Other polymers tested to date have one common trait: their optimal 

gas separation performance is at or near room temperature.  The rigidity in the structure 

that limits appreciable gas transport at room temperature appears to be responsible for the 

retention of permselectivities in the material at temperatures above 100ºC.  The notion 

that PBI is a poor room temperature gas separation polymer is supported by its extremely 

low flux for hydrogen and carbon dioxide at room temperature.  The rigid structure of 

PBI appears to be more suited to the type of diffusivity based selectivity at temperatures 

above 150˚C.  This result opens a new tool for studying gas separation by polymeric 
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membranes.  By determining the optimal operating temperature for specific membrane 

materials and objectives, it will be possible to develop tools for separating high 

temperature gas streams at their processing temperature.  This advantage could offer cost 

savings that may provide a new incentive for polymeric membranes.  

  

References 

[1] S.A. Stern Polymers for gas separations: the next decade, J. Membr. Sci 94 (1994) 

1-65. 

[2] R.W. Spillman and M.B. Sherwin Gas separation membranes: the first decade, 

CHEMTECH 20 (1990) 378-384. 

[3] W.J. Koros and G.K.J. Fleming Membrane-based gas separation, J. Membr. Sci 

83 (1993) 1-80. 

[4] L.M. Robeson Correlation of separation factror versus permeability for polymeric 

membranes, J. Membr. Sci 62 (1991) 165-185. 

[5] E.J. Powers and G.A. Serad History and development of polybenzimidazoles, in: 

R.B. Seymour and G.S. Kirshenbaum (Eds.), High Perform. Polym., Proc. Symp., 

Elsevier, NY, 1986, pp. 355-373. 

[6] T.S. Chung A critical review of polybenzimidazoles: historical development and 

future R and D, J. Mater. Sci. Macromol. Rev. Macromol.  Chem. Phys C37 

(1997) 277-301. 

[7] L.M. Costello and W.J. Koros Thermally stable polyimide isomers for membrane 

-based gas separations at elevated temperatures, J. Polym. Sci.: Part B:  Polym. 

Phys 33 (1995) 135-146. 



Pesiri, et al  Page 13  

[8] G.C. Kapantaidakis, S.P. Kaldis, G.P. Sakellaropoulos, E. Chira, B. Loppinet and 

G. Floudas Interrelation between phase state and gas permeation in 

polysulfone/polyimide blend membranes, J. Polymer Sci. Part B: Polym. Phys. 37 

(1999) 2788-2798. 

[9] G.A. Polotskaya, T.A. Kostereva and G.K. Elyashevich Gas transport properties 

and structural order of poly(4,4'-oxydiphenylene pyromellitimide) in composite 

membranes, Sep. and Purif. Tech. 14 (1998) 13-18. 

[10] K. Matsumoto and P. Xu Gas permeation of aromatic polyimides.  II Influence of 

chemical structure, J. Membr. Sci 81 (1993) 23-30. 

[11] L.M. Costello, D.R.B. Walker and W.J. Koros Analysis of a thermally stable 

polypyrrolone for high temperature membrane-based gas separations, J. Membr. 

Sci. 90 (1994) 117-130. 

[12] T.H. Kim, W.J. Koros and G.R. Husk Temperature effects on gas permselection 

properties in hexafluoro aromatic polyimides, J. Membr. Sci. 46 (1989) 43-56. 

 

 
 
 



Pesiri, et al  Page 14  

 
 
 
 
 
 
 
 
 
 
 

                                         
(oC) oC) 

P 

400 
Temperature

T25

α  

400
Temperature (
25

P 
α 

 
Fig. 1  A graphical repres

function of temperature; s
                                                                       

entation of how the peak permselectivity might shift as a 

electivity –dots, permeability –dashes, permselectivity – solid. 



Pesiri, et al  Page 15  

 
 

NH

NNH

N

 
Fig. 2  Chemical structure of the polybenzimidazole used in the membranes. 
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Fig. 3  Top and side views of the PBI meniscus membrane.  
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Fig. 5  Permeance as a function of temperature for the single gases H2 and CO2
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Fig. 7  Permeance as a function of temperature for the mixed gases CH4/CO2 
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Table 1.  The relative size of gases. [3] 

 
Molecule Kinetic Sieving 

Diameter (Å) 
Molecule Kinetic Sieving 

Diameter (Å) 
He 2.60 O2 3.46 
H2 2.89 N2 3.64 
NO 3.17 CO 3.76 
CO2 3.30 CH4 3.80 
Ar 3.40   
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