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ABSTRACT: Hydrogen has gained renewed and growing interest
around the world in the recent decades as a high-quality and
renewable energy carrier, owing primarily to advances in fuel cells
as well as growing environmental concerns. Steam reforming of
fossil-based resources is currently the main route to H2 production.
The downside of this process, however, is generation of massive
amounts of greenhouse gases including CO2 as the byproduct
which in turn must be captured to fully exploit the potential of H2.
Membrane separation technology has seen signiﬁcant growth,
breakthroughs, and advancements over the last few decades and
could be the key component in achieving inexpensive and highly
pure H2. However, only a few numbers of membrane materials can withstand the harsh conditions of H2 production through steam
reforming. Polybenzimidazole (PBI)-based membranes show excellent chemical, thermal, and mechanical stabilities as well as high
intrinsic H2/CO2 selectivity. The objective of this review is to overview the recent development of structurally modiﬁed, cross-linked,
mixed matrix, and hollow ﬁber membranes based on PBI for the development of industrially applicable H2-selective membranes.
from an external source.14 Therefore, development of eﬃcient
technologies for H2 and CO2 separation is of the utmost
signiﬁcance to produce highly pure and inexpensive H2.
Typically, CO2 is separated through a cryogenic distillation or
pressure swing adsorption process.15 In cryogenic distillation,
the gas is cooled to a very low temperature allowing CO2 to be
liqueﬁed and separated. On the other hand, pressure swing
adsorption works on the principle that under high pressure
gases tend to be adsorbed to solids, and when the pressure is
dropped, the gas is desorbed. H2 can therefore be puriﬁed
because of a diﬀerent adsorption rate than CO2.16 Although
these methods often lead to a high-purity H2, they are energy
intensive (very high or very low temperatures are required)
and involve complex operations and maintenance.17
In comparison, membrane H2/CO2 separation processes
operate by only applying a transmembrane pressure and do not
involve any phase change or adsorbent regeneration enabling
them to perform the separation with much lower energy input
than the conventional methods.14 In addition to low energy
consumption, the membrane separation technology has the
advantages of low carbon footprint, simple maintenance,

1. INTRODUCTION
Hydrogen is one of the most simple and abundant elements on
the planet, consisting of only one pair of proton and electron.1
Although it is widely used as chemical feedstocks, H2 is in
principle a medium to store and deliver energy and not the
primary source of it.2 Currently, the main use of H2 revolves
around petroleum reﬁning and fertilizer manufacture.3−5 Its
combustibility however oﬀers an additional use in the
sustainable transportation and utility sectors that could
eventually revolutionize these industries.6 For instance, in
contrast to the conventional internal combustion engines
(ICEs) fueled by hydrocarbons which generate a massive
amount of greenhouse gases, hydrogen-based vehicles would
only emit water vapor as the byproduct, making it a promising
solution to the current climate crisis.7 H2 could also be used in
fuel cells to generate clean electricity.8 Therefore, it is very
realistic to have a vision of realizing a hydrogen economy in
the near future. However, the transition process faces many
challenges of which eﬃcient H2 production with high purity is
one of the most important ones that must be addressed by the
experts in chemical separation science.9
Currently, fossil fuels are the principal source for H2
production through steam reforming (Figure 1).10,11 The
downside of this process however is generation of a massive
amount of greenhouse gases including CO2 as the byproducts.
Depending on the quality of the feedstock, 9−12 tons of CO2
will be produced with every ton of produced H2.12,13
Separation of H2 from CO2 is thermodynamically nonspontaneous which cannot occur without the input of energy
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Figure 1. Schematic diagram of the multiple stages of H2 production through steam reforming.

Figure 2. Schematic diagram of gas separation mechanism through (a−c) porous membranes with diﬀerent pore sizes and (d) dense membranes.

continuous operation, and ﬂexibility in design, making it the
most promising and sustainable technology for H2 puriﬁcation.18,19 However, fabricating highly permeable and H2selective membranes that are stable under the required
rigorous operating conditions is challenging. For instance,
while palladium membranes are extremely selective to H2 and,
if made thin enough, high H2 ﬂux is obtained, they are in
general mechanically instable.20,21 Among the wide choices of
materials including inorganics,22 metals,23 and porous
carbons,24 for membrane synthesis, polymers are the most
developed and commercially feasible choice due to their facile
solution processibility and well-balanced combination of cost,
performance, and chemical properties.25−27
Despite all the beneﬁts of polymer-based membranes for
H2/CO2 separation, their development for industrial applications is accompanied by several challenges of which the most
important ones are plasticization and low stability at high
temperatures.28−30 Glassy polymers that are rigid and thus
plasticization resistant and stable at high temperatures could be
suitable choices. H2/CO2 separation has been proposed using
polybenzimidazole (PBI), a specialty polymer that meets these
requirements.31,32 It is stable at high temperatures (glass
transition temperature, Tg = 425−435 °C), has high intrinsic
H2/CO2 selectivity, and is expected to withstand plasticization
thanks to its highly stiﬀ structure and dense chain packing.33
However, the transport rate of gas molecules through PBI is
very slow because of the same characteristics that make it more
resistant to plasticization.34 Eﬀorts to improve its permeability
include blending with more permeable polymers,32,35−38
changing its chemical structure,33,39−42 and adding ﬁllers to
the polymer matrix.34,38,43−50 This review seeks to compile all
this information in a timely manner to present a
comprehensive picture of the current viability of PBI
membranes as a H2/CO2 separation technology.
Several review papers have presented membrane technology
for H2 separation and mainly focused on dense metallic
membranes,51 dense mixed protonic−electronic conducting
membranes,52,53 and porous ceramic membranes.54,55 Moreover, the review papers addressing polymer membranes for H2
gas separation often cover a wide range of materials and do not
pay enough attention to PBI.56,57

This review is organized as follows. Section 2 discusses the
fundamentals of membrane gas separation technology with a
focus on H2/CO2 separation. The diﬀerent membrane
fabrication methods are introduced in Section 3. In Section
4, the latest developments in PBI membranes for H 2
puriﬁcation are presented based on the type of modiﬁcation
including alternation of PBI backbone, polymer blending,
cross-linking, incorporation of inorganic particles, and hollow
ﬁber conﬁguration. Finally, in Section 5, we present our
recommendations for future research in this ﬁeld.

2. H2/CO2 SEPARATION MECHANISM
The transport of gas molecules through dense polymer
membranes is described by the solution diﬀusion model
(Figure 2d).58 According to this mechanism, the permeating
gas is dissolved into the membrane at the feed side, diﬀuses
across the membrane, and is recovered at the permeate side.59
Permeability is deﬁned as the product of solubility and
diﬀusivity; thus, selectivity for separating H2 from CO2,
αH2/CO2, is expressed as the ratio of H2 and CO2 permeabilities,
PH2 and PCO2, respectively.26,60
P = D·S
αH2 /CO2 =

PH2
PCO2

ij DH yzij SH yz
2 zj
zzjj 2 zzz = αHD /CO ·αHS /CO
= jjjj
2
2
2
2
j DCO zzjj SCO zz
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2{
k

(1)

(2)

αDH2/CO2

where DH2/DCO2 denotes the diﬀusivity selectivity, and
and SH2/SCO2 represent the solubility selectivity αSH2/CO2. Thus,
a combination of diﬀusivity and solubility selectivity
determines the overall selectivity.61
The diﬀusion coeﬃcient is generally aﬀected by the
molecular structure of the polymer, which permits particular
gas molecules to pass preferentially based on their sizes, which
are generally expressed by their kinetic diameters.59,62 The
kinetic diameters of H2 and CO2 are 0.289 and 0.33 nm,
respectively, meaning H2 has typically a higher diﬀusion rate.58
On the other hand, CO2 has a higher solubility than H2
because of the higher condensability, as indicated by the
critical temperature (Tc): Tc,CO2 = 304 K and Tc,H2 = 33 K.56
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4. POLYBENZIMIDAZOLES
Although some inorganic membranes have shown excellent
H2/CO2 separation performances, polymer membranes are
more appealing due to their low cost, ease of fabrication, and
good processability. Currently, PBI, polyimide, and recently,
thermally rearranged polymers and their derivatives are the
representing polymers for H2/CO2 gas separation. Polybenzimidazoles (PBIs) belong to a class of high performance
engineering thermoplastics and are typically manufactured via
a condensation reaction between aromatic bis-o-diamines and
dicarboxylate derivatives as shown in Figure 4.68,69 PBIs have
been recently recognized as a suitable choice for H2/CO2
separation membranes owing to their high thermal and
chemical stabilities, excellent mechanical properties, and high
intrinsic H2/CO2 selectivities.70,71 As indicated by their high
Tg (>400 °C), these types of polymers possess very stiﬀ
structures, which may provide signiﬁcant resistance to CO2
plasticization, allowing the membrane to sustain the separation
performance even at high temperatures. Despite these
advantages, PBI polymers face certain challenges for gas
separation, including (1) low H2 permeability as indicated by
the high degree of chain packing and stiﬀ polymeric backbone
and (2) brittleness, making the fabrication of an thin ﬁlm from
this material diﬃcult.39 Polymer blending,32,35−38,65 functionalization,33 cross-linking,31,61,72,73 thermal rearrangement of a
precursor polymer,74 modiﬁcations with N-substitution,75 and
inorganic particles incorporation34,38,43−50 are some of the
eﬀorts to overcome its drawbacks.33,39−41
4.1. PBI Derivatives. Systematic structural modiﬁcations
of a polymer backbone that limit chain packing while also
inhibit chain mobility have long been known to promote
permeability while preserving or enhancing selectivity in gas
separation membranes.33,76 Figure 5 depicts the general

Since H2 has a smaller kinetic diameter and a lower
condensability than CO2, polymers typically have a good
H2/CO2 diﬀusivity selectivity but an unfavorable solubility
selectivity.
Gas transport in porous membranes are divided into three
distinct regimes based on the size of the pores of the
membrane (Figure 2a−c). When the pore size is relatively
large (0.1−10 um), the gas mixture passes through the
membrane via convective ﬂow, and no separation takes place.
When the diameter of the pores is less than 0.1 um, the
transport is described by Knudsen diﬀusion because it is
similar to the kinetic diameters of the gas. When the pore size
is between 0.5 and 1 nm, there is a relative separation based on
the molecular size.25,63,64

3. MEMBRANE PREPARATION
Dense membranes are typically produced using a solution
casting method (Figure 3a), where the polymer and any

Figure 3. Schematic of (a) nonsolvent-induced phase separation and
(b) solvent evaporation processes for membrane fabrication.

additives are dissolved in a suitable solvent, then cast on a glass
plate and put in a (vacuum) oven at a mild temperature to
gradually remove the solvent. Once the majority of the solvent
is removed and a dense membrane is formed, the temperature
is further increased to above the boiling point of the solvent to
ensure the complete removal of any solvent residual in the
membrane.31,32,62 As a result, dense membranes are typically
thick and symmetric. Asymmetric membranes, on the other
hand, can be made using a nonsolvent induced phase inversion
process (Figure 3b), where the polymer is dissolved in a
suitable solvent at relatively high concentrations, the solution is
then cast on a class plate or spun through a spinneret for
hollow ﬁbers, and phase inversion is induced by exposing the
cast membrane to a nonsolvent.65,66 Asymmetric membranes
typically consist of two parts: a selective layer that serves for
the same purpose as the dense ﬁlm and a porous substrate
underneath. The porous substrate shows no selectivity and has
a far higher permeance than the selective layer; hence, the
permselectivity is dictated by the selective layer.67 Asymmetric
membranes have a considerably thinner selective layer than
dense membranes and are expected to have a much lower mass
transfer resistance owing to the signiﬁcant reduction in the
thickness of the selective layer and thus higher permeance than
dense membranes.44,48,59,65

Figure 5. General chemical structure of polybenzimidazole.

structure of PBI, where R1 may be a direct bond, sulfone,
ether, or any other linking bond. R2 could be alkyl or aryl
functional group; R3 is often just hydrogen that could also be
used for PBI cross-linking.77 To alter the PBI backbone
structure and thus its gas transport properties, the easiest
approach may be through manipulation of the dicarboxylic acid
(Figure 5, R2; Figure 4, R). It should be noted that the only
commercially available polybenzimidazole is poly(2,2′-(mphenylene)-5,5′-bibenzimidazole) also known as m-PBI (by
Celanese Corporation in 1983).78,79
By altering R2, Li et al.42 prepared four diﬀerent PBI
derivatives to investigate the eﬀects of the main chain structure
on H2/CO2 separation performance of the corresponding

Figure 4. Synthetic scheme of PBI from the reaction between 3,3′-diaminobenzidine and dicarboxylate monomers.
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membranes. The incorporation of various bulky, ﬂexible, and
frustrated functional groups into the PBI backbone led to a
substantial disruption in the dense packing of the polymer
chains which ultimately resulted in signiﬁcant increase in the
H2 permeability as compared to commercial m-PBI. However,
as expected, a decrease in H2/CO2 selectivity was also
observed. Kumbharkar et al.33 utilized 5-tert-butyl isophthalic
acid (BuI) as a bulky dicarboxylate monomer to synthesis BulPBI, and as a result, chain packing density was reduced and
thermal stability slightly lowered, while solvent solubility
improved. The Bul-PBI membranes exhibited a diﬀusivity
selectivity of 37.8 (higher than m-PBI) and a solubility
selectivity of 0.15 (slightly lower than m-PBI). Figure 6 shows

Review

Hosseini et al.37 studied the blending of Matrimid and mPBI for H2/CO2 separation and reported that both polymers
form a miscible blend in whole ranges of compositions. This
property was attributed to the strong hydrogen bonding
between the functional groups of the components (Figure 7a).
Although Matrimid and m-PBI show a similar H2/CO2
selectivity, addition of 25 wt% of Matrimid increased the H2
permeability and the H2/CO2 selectivity of m-PBI by 9 fold
and 2.5 fold, respectively.
Moon et al.35 blended m-PBI with HAB-6FDA-CI, an orthofunctional thermally rearrangeable polyimide (Figure 7b) using
1-methylimidazole as a compatibilizer, to improve H 2
permeability of m-PBI while aiming to keep a high selectivity.
The compatibilized blend membranes were heat treated at 400
°C so the polyimide could thermally rearrange to a more
permeable polybenzoxazole structure. The blend membranes
showed improvement in H2 permeability, H2/CO2 selectivity,
and mechanical properties (ﬂexible enough to be bend 180°
without breaking). This behavior was attributed to the
simultaneous densiﬁcation of the m-PBI matrix phase which
improved the selectivity and thermal rearrangement of the
dispersed polyimide phase which enhanced the gas permeability.
Giel et al.36 proposed the blending of m-PBI with
polyaniline (PANI), followed by thermal treatment which led
to the formation of nitrogen-containing carbonaceous material
that could oﬀer a higher permeability. The researchers
reported that addition of up to 20% of PANI in the blend
membranes could increase the H2 permeability by 4 fold with a
minor decrease in selectivity.
Naderi et al.32 proposed to blend m-PBI with sulfonated
polyphenylsulfone (sPPSU), an acidic polymer that could form
ionic bonds with m-PBI and therefore form miscible blends in
the whole range (Figure 8). Upon fabrication, the blend

Figure 6. Robeson plot comparing the performances of various PBI
derivatives and 6F-PBI/m-PBI random copolymers membranes for
the H2/CO2 separation.

the upper limit graph for the H2 permeability and selectivity
data of the modiﬁed PBI-based polymers measured in the
previously reported studies. It can be seen that manipulating
the backbone structure of PBI is often accompanied by the
general tradeoﬀ between gas permeability and selectivity. A
detailed list of various PBI derivatives is presented in Table S1.
4.2. Polymer Blending. Many studies have shown that the
polymer blending approach for gas separation membranes can
provide interesting properties in the blend membrane.32,35−38,65,80,81 Polymer blending can not only synergistically combine the transport properties of the polymers to
maximize both gas permeability and selectivity but can also
provide unique qualities that are not seen in any of the
constituents.35,36,82−84 Therefore, by blending appropriately
selected materials, it is possible to reconcile polymers with
diﬀerent separation and physicochemical properties using a
simple yet reproducible procedure.83 Thus, blending PBI with
more permeable polymers could eﬀectively enhance the H2
permeability.

Figure 8. (a) Schematic representation of ionic interaction between
sPPSU and m-PBI. (b) Appearance of the blend and pure sPPSU and
m-PBI membranes treated at 150 °C. Reprinted from ref 32.
Copyright 2018, with permission from Elsevier.

Figure 7. (a) Chemical structure of Matrimid and m-PBI and hydrogen bonding between their respective functional groups. (b) Molecular
structures of HAB-6FDA-CI.
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Table 1. Overview of H2/CO2 Separation Performance of m-PBI-Based Blend Membranes
Blend component
Polyaniline (PANI) 20%
Polyaniline (PANI) 20%
HAB-FDA-CI 33%
Matrimid 25%
sulfonated polyphenylsulfone
50%
6FDA-DAM:DABA (3:2)
copolyimide 50%
polypropylene carbonate 11%
PIM-EA(H2)-TB 10%
PIM-EA(H2)-TB 10%

H2 permeability
(Barrera)

Modiﬁcation
Doped with hydrochloric acid,
heat treated at 300 °C
Compatibilized with 1-methylimidazole,
heat treated at 400 °C
Cross-linked with p-xylene diamine for 10 days
Cross-linked with α,α′-Dibromo-p- xylene and
heat treated at 300 °C
Compatibilized using 2-methylimidazole (2-MI)
and annealed 250 °C
Heat treated at 350 °C
20% ZIF-8 incorporated

H2/CO2
selectivity

Temperature
(°C)

0.98
3.69

5.7
15.2

30
30

1.5 bar
1.5 bar

36
36

5.7b

28b

35

10 atm

35

3.6
46.3b,c

26.09
9.8b,c

35
150

3.5−10 atm
7 atm

37
32

4.04

40.4

35

2000 Torr

84

6.1
130b
563

9.5
2.6b
2.9

35
180
180

10 atm
3 bar
3 bar

81
38
38

Pressure

ref

1 Barrer = 10−10 cm−3[STP] cm cm−2 s−1. bRead from the graph. cMixed gas data.

a

Figure 9. (a) Proposed reaction mechanism for terephthaloyl chloride cross-linking of m-PBI. (b) H2/CO2 separation performance of m-PBI and
m-PBI cross-linked using terephthaloyl chloride for 6 h (XLPBI-6H) at diﬀerent temperatures; the data points are for the temperatures of 35, 100,
150 and 200 °C from left to right. (c) Proposed proton transfer and hydrogen bonding for PBI−H3PO4 complex. Reproduced from refs 61 and 73
with permission from the Royal Society of Chemistry.

Table 2. Overview of H2/CO2 Separation Performance of Cross-Linked m-PBI Membranes
Cross-linking agent and condition
Terephthaloyl chloride, 6h at 20 °C

H3PO4, 0.16 doping level

1,3,5-Tris(bromomethyl)benzene in methanol at 70 °C
Oxalic acid, 0.16 doping level
Trans-aconitic acid, 0.20 doping level

H2 permeability (Barrera)

H2/CO2 selectivity

Temperature (°C)

Pressure

ref

0.91
21
19c
38c
19c
12c
12
0.92
9.6b,c
34
20

22
23
18c
17c
32c
34c
35
9.2
24b,c
15
26

35
150
150
200
180
150
150
35
150
150
150

11 atm
11 atm
11 atm
11 atm
14 atm
14 atm
15 atm
7 atm
14 atm
10 bar
10 bar

73
73
73
73
61
61
61
31
31
72
72

1 Barrer = 10−10 cm−3[STP] cm cm−2 s−1. bRead from the graph. cMixed gas data.

a

4.3. Cross-Linking. By enhancing chain stiﬀness and
decreasing free volumes, cross-linking could serve to modify
the nanostructure of the polymers and improve their sizesieving ability without signiﬁcantly sacriﬁcing the H 2
permeability especially at high temperatures. Zhu et al.73
developed a variety of cross-linked membranes by soaking mPBI thin ﬁlms in terephthaloyl chloride solutions for varied
amounts of time in a mild condition to obtain diﬀerent degrees
of cross-linking (Figure 9a). With a minor decrease in H2

membranes were thermally treated in order to increase the
amount of ionic bonds between the two constituents. A blend
ratio of 50/50 sPPSU/m-PBI that was heat treated at 300 °C
was found to give the best performance at both 35 and 150 °C
(H2 permeability doubled while maintaining the selectivity) as
compared to pure m-PBI thanks to the strong ionic bonds
restricting the polymer chain mobility even at elevated
temperatures. An overview of the performances of m-PBI
blend membranes is given in Table 1.
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Table 3. Overview of H2/CO2 Separation Performance of m-PBI-Based MMMs
Filler
ZIF-7

ZIF-8

ZIF-11
ZIF-11
ZIF-8e
ZIF-90

Palladium

Loading (wt%)

H2 permeability (Barrera)

H2/CO2 selectivity

Temperature (°C)

ref

25
25
50
50
20
35
60
16.1
39.5
55
30
10
25
45
1 stabilized

6.3c
212.4b,c
26.2
442.8b,c
36.4
238.6
1749.9
67.8
464.7
495
21.2b
12.7
18.3
24.5
18.7

6.8c
7.4b,c
14.9
7.2b,c
12.1
7
4.1
5.6
3.6
7
4.24b
14.6
20.6
25
12

35
180
35
180
35
35
35
R.T.d
R.T.d
180
35
35
35
35
150

44
44
44
44
48
48
48
47
47
49
50
96
96
96
45

1 Barrer = 10−10 cm−3[STP] cm cm−2 s−1. bRead from the graph. cMixed gas data. dRoom temperature. eIncorporated in BuI-PBI.

a

ﬁllers.94 However, due to poor polymer−inorganic compatibility, these ﬁllers usually cause voids or defects in MMMs,
resulting in a signiﬁcant loss of membrane selectivity.95 Zeolitic
imidazolate frameworks (ZIFs) are a type of metal−organic
framework (MOF) that are made via molecular self-assembly,
in which imidazolate derivatives join tetrahedrally coordinated
cations, often Zn or Co.96,97 In addition to high thermal
stability, the existence of an imidazole functional group makes
this class of material an excellent choice for PBI-based MMMs
as there is a good connection (imidazole group) between the
ﬁller and the PBI matrix; hence, the defect in the membrane
matrix could be mitigated.
ZIF-7 has a pore size of 3.0 A which is perfectly between the
molecular kinetic diameters of H2 and CO2. Yang et al.44
incorporated ZIF-7 in m-PBI up to 50% loading and reported
that all MMMs compositions had higher Tg values than the
pure m-PBI membrane indicating further improvement in the
thermal stability. In terms of separation performance, the
MMMs showed substantial improvement in H2 permeability
with a slight increase in H2/CO2 selectivity. The same research
group proposed to use ZIF-8 as a ﬁller to enhance the H2
permeability, as ZIF-8 is more porous than ZIF-7.48 The H2
permeability of the ZIF-8/m-PBI membranes increased
dramatically as ZIF-8 loading increased, going from 3.7 Barrer
for pure m-PBI to 1749.9 Barrer for 60/40 ZIF-8/m-PBI. The
H2 /CO2 selectivity initially increased to a maximum value of
13.2 at a ﬁller loading of 17.8 wt% and decreased again.
MMMs based on m-PBI and ZIF-11 in the range of both
nanosized and microsized particles have been developed at
loadings as high as 55 wt %.49 The increase in H2 permeability
was attributed to a higher diﬀusion of the penetrating gas
molecules, while reduction in CO2 adsorption on the ZIF and
solution in the polymer was reported to be the reason for
higher selectivity of MMMs. Table 3 summarizes the H2/CO2
performances of m-PBI MMMs.
4.5. PBI Hollow Fiber. To fully harness the remarkable
properties of PBI, it must be turned into a commercially viable
membrane conﬁguration.98,99 The goal of such a membrane
assembly would be to lower the membrane costs and maximize
the gas permeance and membrane surface to volume ratio in
order to obtain a smaller overall carbon footprint and module
size because the membrane housings with the needed high
pressure and high temperature are a substantial capital cost

permeability, the cross-linking modiﬁcation lowered the CO2
sorption and thus greatly enhanced the H2/CO2 selectivity.
(Figure 9b).
Naderi et al.31 employed a similar approach to chemically
cross-link m-PBI thin ﬁlms using 1,3,5-tris(bromomethyl)benzene as the cross-linking agent. The membranes were crosslinked for 24 h, and diﬀerent degrees of cross-linking were
achieved by altering the cross-linker concentration. It was
found that increasing the cross-linking degree leads to a lower
free volume and hence signiﬁcantly lowering both solubility
and diﬀusivity of CO2, whereas H2 permeability decreased only
slightly.
Zhu et al.61 proposed that acid doping could be used as a
cross-linking method to enhance the size-sieving ability of mPBI membranes. The researchers particularly used H3PO4 and
H2SO4 as polyprotic acids to cross-link m-PBI thin ﬁlms
(Figure 9c). Diﬀerent doping levels were obtained by varying
the acid concentration in the cross-linking solutions from 0.05
to 1.0 wt%. The cross-linked membranes were stable up to 200
°C and exhibited an impressive H2/CO2 selectivity of 140 at
150 °C. The membranes were further tested for their durability
and were proven stable for 120 h at elevated temperatures. Hu
et al.72 from the same group proposed to use oxalic acid (OA)
and trans-aconitic acid (TaA) for m-PBI cross-linking. They
found that the eﬀect of acid doping on gas solubility is
insigniﬁcant, and it improves the H2/CO2 separation performance mainly by increasing the diﬀusivity selectivity. Table 2
summarizes the performances of cross-linked m-PBI membranes reported in literature.
4.4. Incorporation of Inorganic Particles. In the
continued search for low cost and high-performance
membranes with improved properties, mixed matrix membranes (MMMs) have been developed and extensively studied
during the last three decades.85,86 MMMs are based on solid−
solid systems composed of an inorganic-dispersed phase
embedded in a polymer matrix.47,87 In addition to increased
mechanical strength, MMMs combine the selectivity of
inorganic ﬁllers with the ease of processing of organic
polymers.86,88 Silica,89 molecular sieves,90 zeolites,91 activated
carbon,92 and carbon nanotubes93 are among the materials
now employed as ﬁllers in MMMs. Zeolites, in particular, with
varying chemical compositions, particle dimensions, and
textural chracteristics, are frequently studied nanoporous
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Table 4. Overview of H2/CO2 Separation Performance of m-PBI-Based HFMs
H2 permeance
(GPUa)

H2/CO2
selectivity

Temperature
(°C)

Pressure

0.33
0.62
0.99
2.6
112b
271b
390b
9.7
21
7.5
107
64.5
202
80
39
4.67
7c

7.89
12.83
21.74
27.28
26
23
20
17
14
22
16.1
12.3
7.7
10
20
43
47.6c

100
200
300
400
200
300
350
250
250
250
150
180
180
60
180
250
250

5−8 bar
5−8 bar
5−8 bar
5−8 bar
20 psia
20 psia
20 psia
20 psia
20 psia
20 psia
7 bar
7 bar
7 bar
1 bar
6 bar
50 psi
50 psi

Modiﬁcation

ref

Annealed at 375 °C and coated with a 200 nm layer of 6F-PBI

Performance tailored by altering dope, bore ﬂuid, and coagulant compositions

10 wt% ZIF-8 incorporated
10 wt% ZIF-8 incorporated, dual layer with Matrimid support
33 wt% ZIF-8 incorporated, dual layer with Matrimid support
Paladium nanoparticles incorporated
P84 HFMs coated with m-PBI dissolved in a mixture of NaOH/EtOH
Thin PBI layer was deposited on outer surface of a porous stainless steel support with
zirconia intermediate layer

103
103
103
103
98
98
98
106
106
106
43
48
48
34
105
29

1 GUP = 10−6 cm3 cm−2 s−1 cmHg−1. bRead from the graph. cMixed gas data.

a

component.100−102 Utilizing a hollow ﬁber membrane (HFM)
module is one promising approach for signiﬁcantly increasing
the active membrane area while reducing the module
size.103,104 A HFM module oﬀers the maximum packing
density possible among the various membrane conﬁgurations.98 HFM modules have been fabricated to oﬀer as high as
30,000 m2/m3 packing density.104 Eﬀorts have been made to
study the synergies that result from combining the beneﬁcial
hollow ﬁber features with m-PBI to form a high permeance,
high area density membrane. As HFMs typically have an
asymmetric structure, and the selective layer is ultrathin and
prone to defect. Therefore, the fabrication process often
involves addition of ﬁllers, cross-linking, and coating steps to
improve the selectivity.25,34,43,48,105−107 Table 4 summarizes
the H2/CO2 separation performances of recently developed
HFMs based on m-PBI.

the diﬀerent membrane modiﬁcation techniques to improve its
gas transport properties. Polymer blending is a simple yet
highly reproducible and inexpensive technique that resembles
copolymerization. Therefore, blending of m-PBI with highly
permeable polymers that could potentially bond with m-PBI
on molecular levels restricting the polymer chains mobility
should be explored in more depth. Researchers should also
consider a chemical cross-linking step to simultaneously
improve both H2 permeability and selectivity of blend
membranes especially at high temperatures.
Incorporation of inorganic ﬁllers in the m-PBI matrix is a
simple yet highly rewarding approach to overcome the
permselectivity tradeoﬀ. The current state of the art PBI
MMMs however are dominated by ZIF-based ﬁllers as they
have a good connection with PBI due to their imidazolate
functional group. More attention must be given to identifying
and functionalizing new types of ﬁllers such as covalent organic
frameworks with excellent H2/CO2 separation characteristics
to enhance their compatibility with PBI and therefore its
separation performance.
To fully exploit the exciting characteristics of PBI, the
material must eventually be transformed into a commercially
appealing membrane platform, i.e., HFM module. As HFMs
typically have asymmetric structures, the selective layer is
ultrathin and prone to defect; thus, the fabrication process
often requires incorporation of ﬁllers, cross-linking, and
coating steps to improve the selectivity. Therefore, the
knowledge gained from improving the performance of dense
m-PBI membranes should be eventually translated into HFMs
at the convergence of high perm-selectivity and thermal,
mechanical, and chemical stabilities. In conclusion, this review
conﬁrmed the potential of PBI as a high-performance
membrane material required for eﬃcient H2 production in
the future.

5. CONCLUSION AND OUTLOOK
While H2 is increasingly gaining popularity as a clean energy
carrier, interest in H2 selective membranes as a key technology
toward the hydrogen economy is growing. H2 is mainly
produced from fossil resourses such as natural gas and coal
through a steam reforming process where CO2 is the main
byproduct. PBI-based membranes exhibit excellent chemical
and thermal stabilities complimented by a high intrinsic H2/
CO2 selectivity making them an excellent choice for H2
separation technology. Recent eﬀorts to make PBI membranes
more desirable for the H2 separation industry, i.e., improve the
H2 permselectivity, include modiﬁcations of polymer chain
backbone, polymer blending, chemical cross-linking and
incorporation of inorganic ﬁllers. Although chemical manipulation of the PBI backbone could substantially improve its
fractional free volume (FFV) and hence H2 permeability, it is
often at the expense of losing H2/CO2 selectivity. Future
research should explore random copolymerization using
monomers with both bulky and stiﬀ functionalities to produce
a highly permeable yet stiﬀ PBI polymer to overcome the
permeability and selectivity tradeoﬀ.
Currently, m-PBI is the only commercially available PBI, and
therefore, additional eﬀort is expected to extensively investigate
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