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Novel high performance poly(p-phenylene benzobisimidazole) (PBDI) 
membranes fabricated by interfacial polymerization for H2 separation 

 
Meixia Shana, Xinlei Liua*, Xuerui Wanga, Zilong Liub, Hodayfa Iziyia, Swapna Ganapathyc, Jorge 
Gascona,d and Freek Kapteijna* 

Membranes with high selectivity and permeance are needed to reduce the energy consumption in hydrogen purification 
and pre-combustion CO2 capture. Polybenzimidazole (PBI) is one of the leading membrane materials for this separation. In 
this study, we present superior novel supported PBI (poly(p-phenylene benzobisimidazole, PBDI) membranes prepared by 
a facile interfacial polymerization (IP) method. The effect of IP reaction duration, operating temperature and pressure on 
membrane separation performance was systematically investigated. The best performance was achieved for membranes 
prepared in 2 h reaction time. The resulting membranes display an ultrahigh mixed-gas H2/CO2 selectivity of 23 at 423 K 
together with an excellent H2 permeance of 241 GPU, surpassing the membrane performance of conventional polymers 
(the 2008 Robeson upper bound). These separation results, together with the facile manufacture, pressure resistance, 
long-term thermostability ( > 200 h) and economic analysis, recommend the PBDI membranes for industrial use in H2 
purification and pre-combustion CO2 capture. Besides, PBDI membranes possesss high selectivities towards H2/N2 (up to 
60) and H2/CH4 (up to 48) mixtures, indicating their potential applications in ammonia synthesis and syngas production. 
 

1. Introduction 
The consumption of fossil fuels has brought a variety of 
environmental issues. Hydrogen holds great potential as an 
alternative fuel because of its high combustion heat and zero-
carbon emission (only water as product). 1, 2 Besides, H2 is also 
widely used in the chemical industry for hydrogenation reactions,3 
methanol and ammonia production,4 which makes it an important 
commodity. Currently, approximately 80 % of the hydrogen is 
produced by natural gas and petroleum reforming.5 Production of 
H2 through abundant coal or biomass via gasification is also a viable 
alternative.6 However, the main by-product of these processes is 
CO2, which is a major environmental concern due to its 
accompanying greenhouse effect. Thus, H2 purification by capturing 
CO2 is drawing a lot of attention. Further, recovery of valuable H2 
from industrial vent gases and adjusting H2/CO-CO2 ratio in syngas 
are important industrial activities. The current technologies for 
hydrogen purification, such as scrubbing technology, pressure swing 

adsorption and cryogenic distillation are highly energy and capital 
intensive.7 Membranes that are H2-permeating and CO2-rejecting at 
syngas operating conditions (423 K and above) would provide a low-
cost and energy-efficient routes for H2 purification and CO2 
capture.8-12  
Inorganic membranes, such as palladium,13 zeolites,14 graphene 
oxide (GO),15 and metal organic frameworks (MOFs) 16, 17 have 
exhibited outstanding selectivity or permeance for H2/CO2 
separation. However, high production costs, mechanical brittleness 
and the fabrication complexities make these inorganic membranes 
less commercially attractive. In addition, engineering these 
materials into thin membranes and on a large-scale is extremely 
challenging. Polymer membranes, on the other hand, are 
economically acceptable, easy to process and able to produce on a 
large scale.18  
Gas permeation through a dense polymer membrane generally 
follows the solution-diffusion mechanism,19 where gas permeability 
(P) is determined by both gas solubility (S) and diffusivity (D) (P = S × 
D). The smaller H2 molecule and the higher solubility of CO2 result in 
an opposite trend in diffusivity and solubility selectivities, thus 
conventional polymer membranes usually have moderate H2/CO2 
selectivity. For example, the commercial cellulose, polysulfone and 
Matrimid® polymers only show an H2/CO2 selectivity around 3 at 
308 K.20,21 In addition, the main drawback of polymeric membranes 
for H2/CO2 separation is the lack of thermochemical stability at 
syngas operating conditions.  
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Fig. 3 Characterization of PBDI films: (a) DRIFT spectra, (b) 13C CP/MAS spectra, (c) TGA profile, (d) PXRD pattern of PBDI film, (e) N2 adsorption (closed 
symbols)/ desorption (open symbols) isotherm at 77 K and (f) CO2 adsorption (closed symbols) / desorption (open symbols) isotherms at 273, 298 and 323 K. 
Peaks labelled with * in b were assigned to the spinning sidebands. The inset in e is the photo of PBDI film pieces in a glass sample bottle. 

 
Fig. 4. SEM (a) and AFM (b) images of the membrane surface. (c) and (d) cross-section SEM images of the composite membrane. Results are obtained from 

M2-1. 
 
membrane surface from the SEM and AFM images (Fig. 4a, b and 
Fig. S2). 

3.2. Gas permeation  
The reproducibility of the preparation procedure of all the three 
membranes (with reaction duration of 1, 2 and 3 h) was confirmed 
by the H2/CO2 separation performance at 1 bara, 373 K (Table S1).  
Permeation of single gas  

Before gas permeation, the as-synthesized PBDI membranes (M3-1) 
were on-stream activated at 373 K until a steady state was reached. 
The membrane was tested for permeation using H2, CO2, N2, and 
CH4 in single gas mode. The permeation results are provided in 
Table 2 and Fig. 5. The order of gas permeance roughly depends on 
their kinetic diameters, and there is a clearly cut-off between H2 
and the other larger gases (CO2, N2 and CH4). The ideal selectivity of 
H2 over CO2, N2 and CH4 is 18.9, 59.7 and 47.5, respectively and 
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exceeds by far the corresponding Knudsen selectivity (Table 2), 
reflecting the formation of a dense membrane. However, the 
permeance does not exactly follow the order of the kinetic 
diameters of the measured gas molecules as exemplified by the 
case of CH4. This is probably due to some preferable adsorption of 
CH4 over N2 on PBDI. Similar adsorption results had been reported 
for other imidazole-linked polymers.47, 48 
 
Table 2. Permeances, ideal selectivities for single gas at 373 K and 1 bara 
feed pressure (M3-1 membrane). 

Gas Kinetic 
diameter (Å) 

Permeance 
(GPU) 

Ideal selectivity 
(H2/-) 

Knudsen 
selectivity 

H2 2.89 71.7 -  
CO2 3.3 3.8 18.9 4.7 
N2 3.64 1.2 59.7 3.7 

CH4 3.76 1.5 47.5 2.8 
 
Effect of reaction duration 
Interfacial polymerization was performed at the monomer 
concentration of 1.5 and 1.0 wt.% for aqueous BTA and organic TPA 
phase, respectively. Fig. 6a presents the gas separation 
performance at 423 K of three membranes synthesized for 1, 2 and 
3 h, respectively. Both gas permeance (H2 and CO2) and H2/CO2 
selectivity increase with increasing the reaction time from 1 h to 2 
h. We speculate that this is due to the fact that the unreacted 
monomers may block gas permeation after only 1 h reaction. 
Longer synthesis times would allow for more monomers to 
encounter the reactive functional groups, leaving more free volume 
for gas permeation. The gas permeance started to decrease when 
further increase reaction time to 3 h owing to the formation of 

 
Fig. 5 Pure gas permeances of PBDI membrane at 373 K and ideal selectivity 
(M3-1 membrane). 

additional layers thus increasing the thickness of the selective layer. 
As depicted in Fig. 4d and Fig. S4, the membrane thickness is ca. 
0.60, 0.80 and 1.3 µm, corresponding to 1, 2 and 3 h reaction 
duration, respectively. The H2/CO2 selectivity seems to level off at 
23 after 2 h reaction and the 2 h membrane could reach a 
permeance of 241 GPU. 
Effect of feed temperature  
Generally, gas transport in dense polymer membranes results from 
a combination of sorption and diffusion. H2 shows high diffusion in 
polymer membranes owing to the smaller molecular size and CO2 
exhibits higher sorption ability because of its high condensability 

and polarity. The interplay between diffusion and sorption as a 
function of temperature can be optimized to obtain enhanced 
separation performance. Thus, single and mixed-gas permeation 
tests were performed at different temperatures to well understand 
the gas transport properties of PBDI membrane. Both the H2 and 
CO2 permeance of the membrane increased with increasing 
temperature (Fig. 6b), demonstrating an activated diffusion 
dominated gas transport. The effect of temperature on gas 
permeance (see details in SI) was captured by an Arrhenius relation. 
The apparent activation energy for H2 permeation is higher than for 
CO2 in both mixed and single gas permeation due to the moderating 
effect of the heat of adsorption for CO2 (Fig. S6 and Table S3). The 
stronger influence of temperature on H2 permeation, results in an 
increase in H2/CO2 selectivity with temperature (up to 373 K). 
Effect of feed pressure  
In addition to operating temperature, the effect of feed pressure 
(ranging from 1 to 5 bara) on both single and mixed-gas permeation 
were conducted at 373 K to further understand the gas transport 
behavior and pressure resistance of PBDI membranes. As depicted 
in Fig. 6c, both H2 and CO2 permeance decreased with feed pressure. 
For CO2 this is usually attributed to an effect of non-linear 
adsorption, but adsorption of H2 will be linear if any. It is  

Page 6 of 10Journal of Materials Chemistry A

�-
�R

�X
�U

�Q
�D

�O
�R

�I�0
�D

�W
�H

�U
�L

�D
�O

�V
�&

�K
�H

�P
�L

�V
�W

�U
�\

�$
�$

�F
�F

�H
�S

�W
�H

�G
�0

�D
�Q

�X
�V

�F
�U

�L
�S

�W

P
ub

lis
he

d 
on

 1
4 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
5/

20
19

 6
:5

5:
42

 A
M

. 

View Article Online
DOI: 10.1039/C9TA01524H

http://dx.doi.org/10.1039/c9ta01524h


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 2018 J. Name., 2018, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

 
Fig. 6 Effect of (a) reaction duration (permeation at 423 K, 1 bara), (b) temperature (at 1 bara) and (c) pressure (at 373 K) on H2/CO2 mixture separation 
performance of PBDI membrane. Dashed and solid lines in (c) correspond to single component and equimolar mixed gas test, respectively. (d) Long-time 
stability for H2/CO2 separation under 373 and 423 K (blue shaded area) at 1 bara. Samples used M1-1, M2-1 and M3-1 (a), M2-1 (b), and M3-2 (c) and M3-1 
(d). 

 
interpreted that the higher feed pressure leads to a more compact 
packing of polymer chains.49 Plasticization by CO2 is therefore not 
observed in the studied pressure range. Compared with the single 
component test, H2 permeance and selectivity slightly dropped in 
the mixed gas operation due to the competitive permeation of CO2. 
The supported membrane was robust at 5 bara confirming a good 
mechanical strength. 

Stability  
High-performance polymeric membranes with good stability at 
elevated temperatures are required to realize a robust membrane 
system. From this point of view, the durability of PBDI membrane 
was examined at 373 and 423 K. The membrane can maintain the 
high permeance and selectivity with small fluctuation over 200 h 
(Fig. 6d), verifying its immutable structure and applicability for long-
term use.  
Comparison with literature 

For comparison, the unveiled performance of membranes based on 
the PBI family in the configuration of flat sheet and hollow fiber are 
summarized in Table S4 and presented in Fig. 7a. The PBDI 
membranes are clearly superior to most of the state-of-the-art PBI 
membranes, highlighting the significance of IP protocol and the 
novel material. Furthermore, the potential of the PBDI membrane 
for real industrial application was assessed referring to the target  
performance region (Fig. 7a, green area). As reported,50, 51 with a H2 
permeance >100 GPU and H2/CO2 selectivity >15, the 
environmental-friendly membrane technology can significantly 
reduce hydrogen production cost against the conventional cold 
absorption-based scrubbing processes. The performance of PBDI 
membrane (M2-1) with a H2 permeance of 241 GPU and selectivity 
of 23, clearly located in the commercial target region, pointing out 
its value for real application. 
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Fig. 7 (a) Comparison of H2 permeance and H2/CO2 selectivity of our PBDI membranes (M2-1 and M3-1) with previously reported PBI based membranes, as 
well as the target performance region for pre-combustion CO2 capture (inset green area).50, 51 (b) Comparison of H2 permeability and H2/CO2 selectivity of our 
membrane with previously reported polymer membranes. The 2008 Robeson bound line52 was shown for reference. The data points were plotted referring 
to Table S4 and S5. 

Additionally, in order to benchmark and give a general overview of 
the membrane material performance, the PBDI membrane 
thickness was used for normalization. The reported permeability of 
PBI and modified PBI membranes (instead of permeance) are listed 
(Table S5) and plotted together with the Robeson upper bound52 
(Fig. 7b). The PBDI membrane performance transcended the 
Robeson upper bound by a wide margin and outperformed both the 
PBI and modified PBI membranes, demonstrating the developed 
PBDI membranes possess excellent H2 permeability and H2/CO2 
selectivity.  
 

4. Conclusions 

In summary, free-standing PBDI films and supported PBDI 
membranes were successfully prepared for the first time through a 
facile, easy to scale up interfacial polymerization approach. Single 
component and mixture permeation data demonstrates a high H2 
selectivity over CO2, N2 and CH4 of the membrane, reflecting the 
formation of a dense layer. An optimal membrane was obtained for 
an interfacial polymerization reaction time of 2 h, possessing an 
ultrahigh hydrogen permeance of 241 GPU and a H2/CO2 selectivity 
of 23 at 423 K, which overcomes the 2008 Robeson upper bound 
limit by a wide margin. In addition, the membrane performed stable 
during ~200 h at elevated temperatures and pressure. Results of an 
economic evaluation indicate that our membrane is located well in 
the target performance region and is more energy efficient than 
previously reported PBI membranes, demonstrating the great 
advantages of IP method for the preparation of defect-free PBI 
membranes. The appealing H2/CO2 separation performance, also 
for H2 mixtures with N2 and CH4, together with such a simple 
fabrication method paves a way for the industrial use of 
membranes for H2 purification and pre-combustion CO2 capture. 

Conflicts of interest 

The authors declare that they have no competing interests 
except one patent application (U.S. Provisional Patent NO. 
62/659, 271) 

Acknowledgements 
Meixia Shan gratefully acknowledge the supporting from the 
China Scholarship Council.      

                                                                                           

Notes and References 
 
1. J. A. Turner, Science, 2004, 305, 972-974. 
2. T. Yang, Y. Xiao and T.-S. Chung, Energy & Environmental 

Science, 2011, 4, 4171-4180. 
3. R. Mariscal, P. Maireles-Torres, M. Ojeda, I. Sádaba and 

M. López Granados, Energy & Environmental Science, 
2016, 9, 1144-1189. 

4. A. Klerke, C. H. Christensen, J. K. Nørskov and T. Vegge, 
Journal of Materials Chemistry, 2008, 18, 2304-2310. 

5. G. J. Stiegel and M. Ramezan, International Journal of Coal 
Geology, 2006, 65, 173-190. 

6. H. Lin, E. Van Wagner, B. D. Freeman, L. G. Toy and R. P. 
Gupta, Science, 2006, 311, 639-642. 

7. N. W. Ockwig and T. M. Nenoff, Chemical Reviews, 2007, 
107, 4078-4110. 

8. K. A. Berchtold, R. P. Singh, J. S. Young and K. W. Dudeck, 
Journal of Membrane Science, 2012, 415-416, 265-270. 

9. B. Seoane, J. Coronas, I. Gascon, M. E. Benavides, O. 
Karvan, J. Caro, F. Kapteijn and J. Gascon, Chemical 
Society Reviews, 2015, 44, 2421-2454. 

10. S. Wang, X. Li, H. Wu, Z. Tian, Q. Xin, G. He, D. Peng, S. 
Chen, Y. Yin, Z. Jiang and M. D. Guiver, Energy & 
Environmental Science, 2016, 9, 1863-1890. 

11. T.-H. Bae and J. R. Long, Energy & Environmental Science, 
2013, 6, 3565-3569. 

12. S. Japip, K.-S. Liao and T.-S. Chung, Advanced Materials, 
2017, 29, 1603833. 

Page 8 of 10Journal of Materials Chemistry A

�-
�R

�X
�U

�Q
�D

�O
�R

�I�0
�D

�W
�H

�U
�L

�D
�O

�V
�&

�K
�H

�P
�L

�V
�W

�U
�\

�$
�$

�F
�F

�H
�S

�W
�H

�G
�0

�D
�Q

�X
�V

�F
�U

�L
�S

�W

P
ub

lis
he

d 
on

 1
4 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
5/

20
19

 6
:5

5:
42

 A
M

. 

View Article Online
DOI: 10.1039/C9TA01524H

http://dx.doi.org/10.1039/c9ta01524h


http://dx.doi.org/10.1039/c9ta01524h


Novel polybenzimidazole PBDI membranes with ultrahigh H2 separation performance were 
developed by a facile interfacial polymerization approach.
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