
Journal of
Materials Chemistry A

REVIEW

Pu
bl

is
he

d 
on

 1
4 

 2
56

5.
 D

ow
nl

oa
de

d 
on

 1
8/

10
/2

56
7 

8:
00

:5
5.

 

View Article Online
View Journal  | View Issue
Polybenzimidazo
aDepartment of Chemical & Biomolecula

Singapore, 4 Engineering Drive 4, 117585,

Fax: +65-67791936; Tel: +65-65166645
bAdvanced Materials & Systems Resea

Ludwigshafen, Germany
cGraduate Institute of Applied Science and T

Science and Technology, Taipei 106335, Tai

Cite this: J. Mater. Chem. A, 2022, 10,
8687

Received 17th January 2022
Accepted 11th March 2022

DOI: 10.1039/d2ta00422d

rsc.li/materials-a

This journal is © The Royal Society o
les (PBIs) and state-of-the-art PBI
hollow fiber membranes for water, organic solvent
and gas separations: a review

Kai Yu Wang,a Martin Weberb and Tai-Shung Chung *ac

As an attractive candidate material, polybenzimidazole (PBI) has been explored for fabricating hollow fiber

membranes (HFMs) employed in liquid and gas separations since the 1970s. Some of its membranes have

achieved industrial requirements under extremely harsh process environments (i.e., pH extremes, high

temperatures, chlorine, organic solvents) due to its structural rigidity, robust mechanical stability, and

outstanding chemical resistance. The development of high-performance industrially durable PBI HFMs is

challenging owing to the complex interactions among the PBI polymer, solvents, and coagulant media

during the non-solvent induced phase inversion process. State-of-the-art technologies have been

developed to fabricate macrovoid-free PBI HFMs through non-solvent induced phase separation.

Moreover, the chemically modified PBI membranes, PBI blended membranes and PBI composite

membranes can not only improve the chemical resistance in organic solvents but also enhance the

separation performance. The recently developed PBI gas separation HFMs also exhibit outstanding

permselectivity and productivity exceeding the 2008 Robeson's upper bound for H2/CO2 separation at

elevated temperatures (>200 �C). Therefore, this review aims to offer useful guidelines for researchers

who are interested in PBI membranes for sustainable water and energy production. Both challenges and

future opportunities of developing PBI-based HFMs will also be summarized and analyzed.
1. Introduction

Polybenzimidazoles (PBIs) are a class of heterocyclic glassy
polymers that contain a benzimidazole moiety as part of the
polymer repeating units. Since Vogel and Marvel initially
synthesized the fully aromatic polybenzimidazoles (PBIs) from
melt polycondensation of aromatic tetraamines and difunc-
tional aromatic acids in 1961,1 as illustrated in Fig. 1, this class
of glassy heterocyclic polymers has received extensive attention
due to its exceptional thermal stability, ame retardance and
oxidative resistance.2 It could exhibit remarkable thermal
stability with a negligible weight loss (<5%) up to 570 �C.3 Such
unique characteristics of rigidity, high glass transition
temperature (Tg of 425–436 �C) and outstanding chemical and
thermal stabilities, make PBI suitable for applications in
chemically challenging environments.4–6 Many researchers had
reviewed the historical development of various PBI polymers in
terms of chemistry and synthesis.7,8 The best known fully
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aromatic PBI is poly[2,2-(m-phenylene)-5,5-bibenzimidazole],
also known as meta-PBI (m-PBI), commercialized by Hoechst
Celanese in 1983. Today, PBI Performance Products Inc. (http://
www.pbiproducts.com/) is the major provider of high perfor-
mance PBI materials with the trade name of Celazole®.
Comprehensive reviews of the historical development and
future R & D of PBI were given by Chung in 1997 9 and Wang
et al. in 2016.10 PBI-based membranes were reviewed by Cong
et al. in 2021,11 while PBI-based nanocomposites for advanced
technical applications were given by Kausar in 2018.12

In the beginning, PBI was explored as a thermally stable and
non-ammable textile ber to replace asbestos,2 and a high
temperature matrix resin for aerospace and defence applica-
tions.8 Since the heterocyclic and amphoteric benzimidazole
rings in PBI molecules could not only offer superior thermal
stability but also be modied by strong acids to form proton
conducting membranes,13 PBI has been extensively employed in
fuel cells as polymer electrolyte membranes (PEMs) over the last
2 decades.14–16 Specically, aer being doped with phosphoric
acid or sulfuric acid, the PBI/acid complex exhibits a higher
proton conductivity, lower gas permeability, and durable oper-
ation.17–21 Wainright et al. rst developed a PBI–phosphoric acid
(PA) complex used in high-temperature fuel cells.17 Thus,
extensive studies have been devoted to PBI syntheses, modi-
cations, membrane formation and processing as high perfor-
mance, low-cost PEMs used in high-temperature fuel cells.22–25
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8687
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Fig. 1 Synthetic scheme of polybenzimidazole by a two-stage melt-solid polycondensation reaction.1 (3,30-4,40 Tetraaminodiphenyl is also
referred to as 3,30-diaminobenzidine (DAB)).
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On the other hand, PBI and quaternized-PBI can serve as
a framework in forming highly anion conducting anion
exchange membranes (AEMs) with outstanding alkaline resis-
tance.26–28 Comparing with conventional acidic fuel cells, AEM
fuel cells have the most signicant advantage of the much faster
kinetics of the oxygen reduction reaction under alkaline oper-
ating conditions, which allows the use of non-precious metal
catalysts (Ag, Ni, Co). The resultant AEM membranes can criti-
cally dominate the OH� transport while limiting the fuel
crossover. The AEMs based on quaternized-PBI/GO and
quaternized-PBI/PEI blends have also been adopted in electro-
dialysis (ED) and membrane capacitive deionization (MCDI) for
water desalination.29,30

Since Loeb and Sourirajan synthesized asymmetric reverse
osmosis (RO) membranes from cellulose acetate via the phase
inversion approach in the late 1950s,31 polymeric membranes
have become an attractive alternative to many energy-intensive
separation processes, such as extraction, distillation, adsorp-
tion and chromatography. Systems based on pressure-driven
polymer membranes become mature and accepted in many
industrial separations due to their good performance, ease of
scale-up, low energy consumption, environmental benignity,
compact modular construction, and low operating costs
compared with those thermal based systems.32–34 Successful
isothermal operations of polymeric membranes with liquids
have been realized to replace and/or combine with conventional
separation processes. Because of the distinguished chemical
resistance, mechanical and thermal stabilities, PBI membranes
have been fabricated in the geometries of at sheets and hollow
bers for many separation applications such as microltration
(MF) and ultraltration (UF), RO, nanoltration (NF), forward
osmosis (FO), pervaporation (PV), organic solvent resistant
nanoltration (OSN), and gas separation, particularly employed
in aggressive environments.
8688 | J. Mater. Chem. A, 2022, 10, 8687–8718
Comparing with at-sheet membranes and tubular
membranes, hollow ber membranes (HFMs) possess many
inherent advantages, such as a higher surface area to volume
ratio, self-supporting characteristics and a smaller footprint
although the fabrication of integrally skinned HFMs with less
defects is a complicated and challenging process.34,35 This
review aims to summarize (1) the developments of PBI materials
including chemical modications of PBI membranes and the
variation of main chain structure during syntheses to augment
their physicochemical properties and separation performance;
(2) the research trends and recent development of macrovoid-
free PBI HFMs fabricated by the non-solvent induced phase
separation (NIPS); (3) the applications of PBI HFMs specially
designed for water nanoltration, solvent dehydration through
pervaporation, organic solvent nanoltration and H2/CO2

separation at elevated temperatures. Finally, the challenges and
prospects of developing next-generation PBI materials and
hollow ber membranes will be discussed and analyzed.
2. The chemistry of
polybenzimidazoles (PBIs)

As a member of the heterocyclic aromatic polymers, PBI is
stable in common organic solvents but severe plasticization and
swelling may occur when exposed to strong polar solvents,
especially in polar aprotic solvents.36 PBI can be chemically
cross-linked by various compounds through covalent reactions
between the N–H groups of its imidazole rings and the func-
tionally active groups of the cross-linking agent.37 On the other
hand, modifying the PBI mainchain structure by introducing
bulky groups during the polycondensation process may inhibit
chain packing that can improve the gas permeability while
simultaneously maintaining its high H2/CO2 selectivity.
This journal is © The Royal Society of Chemistry 2022
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2.1 Chemical crosslinking modications of PBI membranes

Cross-linking has been considered as an efficient way to
improve the chemical stability and separation performance of
PBI-based membranes. Research studies that focused on the
crosslinking PBI membranes are summarized below and the
structures of cross-linking agents with related reaction schemes
are shown in Fig. 2.

2.1.1 Green crosslinking on PBI membranes. Many studies
focused on exploring green and sustainable cross-linking PBI
membranes in aqueous solutions using less harmful cross-
linking agents and solvents. Glutaraldehyde (GA) could be one
Fig. 2 Cross-linked PBI membranes with GA, H2SO4, K2S2O8, DEO, DCX

This journal is © The Royal Society of Chemistry 2022
of the green cross-linkers because this aggressive carbonyl
(–CHO) reagent in aqueous solutions can still condense amines
via Mannich reactions and/or reductive amination.38 Xing et al.
used GA as a bridge to connect the –NH– groups of PBI's
repeating units together in an aqueous solution at room
temperature.39 Although the GA-cross-linked PBI membranes
showed high uxes of ethanol and ethyl acetate with reasonable
rejections, they were unstable in harsh solvents, such as dime-
thylsulfoxide (DMSO). Acid-doped PBI membranes have been
extensively studied in the elds of fuel cells, gas separation,
pervaporation dehydration of acetic acid and OSN.17–28,40–43 They
, DBX & DBB, TMC, TCL, TBB.

J. Mater. Chem. A, 2022, 10, 8687–8718 | 8689
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possessed excellent properties and allowed operations at high
temperatures up to 200 �C without dehydration; however, low
mechanical properties at high doping levels and acid leaching
at extreme temperatures might occur. Chen et al. developed
a cross-linked PBI membrane with the aid of an aqueous
potassium persulphate (K2S2O8) solution.44 The crosslinked PBI
membrane was stable in alcohols, acetone, dimethylacetamide
(DMAc) and dimethylformamide (DMF) with amolecular weight
cut off (MWCO) of 1000 g mol�1 in DMF. By employing this
green cross-linking approach, Zhao et al. fabricated a PBI OSN
HFM to separate dyes from organic solvents and regenerate the
membrane by backwashing.45

Ignacz et al. presented a pioneering approach to ion-stabilize
PBI and polymer of intrinsic microporosity (PIM-1) blended
membranes via a simple HCl treatment without the use of
covalent chemical crosslinking.46 The obtained robust PBI
membranes were stable in polar aprotic solvents. The incorpo-
ration of PIM-1 into the PBI membranes improved the per-
meance up to 4 times, and simultaneously decreased the
MWCO. Hardian et al. developed metal–polymer coordination
(MPC) solvent-resistant NF membranes owing to the superior
thermal and complexation ability of benzimidazole moieties.47

The formation of coordination bonds between the metal (cop-
per(I) iodide, CuI) and PBI chains protected the membranes
from dissolving in harsh organic solvents and improved the
mechanical properties. The novel method to prepare MPC
membranes provides a new route besides covalent cross-linking
for the preparation of OSN membranes with tailored molecular
sieving performance.

2.1.2 Covalent crosslinking on PBI membranes for OSN.
When the N–H groups of PBI are attacked by 1,2,7,8-die-
poxyoctane (DEO, a bifunctional epoxy), a strong bonding is
formed between the N–H nucleophile and the opened epoxy
group.39 DEO-crosslinked PBI membranes exhibited extraordi-
nary stability in polar aprotic solvents such as N-methyl-2-
pyrrolidone (NMP), DMSO, and DMAc while having a much
lower permeance. The latter may result from a reduced d-space
between polymer chains and a decreased overall free volume
due to the strong bonding between PBI and DEO. Through
crosslinking PBI with epoxy-containing 3-glycidyloxypropyl-
trimethoxysilane (GPTMS) to form organic–inorganic siloxane
networks, the robust crosslinked PBI membranes showed
improved stability in harsh organic solvents such as DMF, NMP,
and DMAc and a strong alkaline resistance.48

As reactive bifunctional alkyl halides, a,a0-dichloro-p-xylene
(DCX), 1,4-dibromobutane (DBB) and a,a0-dibromo-p-xylene
(DBX) can react with the –NH– groups of imidazole rings in PBI.
Wang et al. tightened the PBI membrane structure using DCX
and improved its salt rejections to separate cephalexin from
aqueous solutions in NF and FO applications.49,50 Chen et al.
used DCX to crosslink PBI at sheet membranes for dye rejec-
tions in organic solvent environments.51 The DCX cross-linked
PBI membranes exhibited strong tolerance (i.e., minimal
swelling) in tetrahydrofuran (THF) and acetone, but they were
still dissolvable in DMAc and NMP. Valtcheva et al. developed
PBI OSN membranes through cross-linking modications with
the aid of DBX and DBB.52,53 The DBX-crosslinked PBI
8690 | J. Mater. Chem. A, 2022, 10, 8687–8718
membrane displayed better stability in DMF and a higher
solvent permeability than the DBB-crosslinked one. Both cross-
linked PBI membranes were stable in extreme acidic and basic
environments (pH 0 to 14). However, it was difficult to tailor the
selectivity of the PBI membranes. Through the graing modi-
cation of a long linear monoaminated polymer on the DBX-
crosslinked PBI membranes, solvent stable spiral wound
modules were scaled up and showed potential for industrial
applications.54

Tashvigh et al. used DBX and hyperbranched poly-
ethylenimine (HPEI) to double cross-link PBI/sulfonated poly-
phenylsulfone (sPPSU) blend membranes.55 The addition of
sPPSU and the double cross-linking process resulted in
membranes with a higher solvent ux. The membranes had
smaller pores but the permeance was not affected signicantly.
Tashvigh & Chung also fabricated thin lm composite (TFC)
membranes by forming an ultrathin and strong HPEI-DBX
selective layer on top of the DBX crosslinked PBI substrate.56

The resultant membranes not only showed good chemical
stability in DMAc at 50 �C but also had an MWCO of �350 g
mol�1 with ethanol, acetone, THF and toluene permeances of
4.5, 14.0, 4.0 and 1.0 L m�2 h�1 bar�1, respectively. Recent
achievements from Prof. Szekely's group were realized through
ionically crosslinking PBI with difunctional organic acids in
water to improve membrane properties. The reversible nature of
the PBI-based membranes enabled the successful recovery of
the pristine PBI by treatment under mild basic conditions.43

Farahani and Chung developed a facile crosslinking
approach to fabricate high-ux OSN PBI membranes by cross-
linking the PBI membrane with trimesoyl chloride (TMC) in 2-
methyl tetrahydrofuran (2-MeTHF) at room temperature.57 The
resultant PBI membrane had a high pure n-hexane permeance
of 80.8 L m�2 h�1 bar�1 and a rejection of 90.4% to tetracycline.
It also displayed stable performance in ethanol, acetone, iso-
propanol, and acetonitrile. As illustrated in Fig. 3, Fei et al.
synthesized hydroxylated PBI–OH by the N-benzylation of PBI
with 4-(chloromethyl)benzyl alcohol, blended it with graphene
oxide (GO) and then covalently cross-linked the PBI/GO lms
with diisocyanate as mixedmatrix membranes (MMMs).58 It was
found that the anchored GO could stabilize the polymer matrix
through robust p–p interactions with the modied PBI polymer
chains.59 The PBI/GO membranes not only showed high per-
meances in high polarity solvents but also had a high rejection >
93% for a solute with a molecular weight of 420 g mol�1 in both
polar and nonpolar solvents, such as acetone, THF, acetonitrile
(MeCN), dichloromethane (DCM), and DMF. Zhao et al. fabri-
cated robust PBI composite membranes through encapsulating
a dopamine monomer in the PBI membrane matrix by NIPS,
followed by in situ polymerization of dopamine initiated with
NaIO4 to form an interpenetrating polymer network (IPN),60 as
shown in Fig. 4. Although both FTIR and solid-state NMR
analyses did not detect the occurrence of covalent cross-linking
modications, the membrane displayed solvent stability in
seven polar aprotic solvents up to 100 �C due to the combined
effects from the strong secondary interaction between PBI and
polydopamine (PDA), and the formation of IPN. A permeance
up to 12 L m�2 h�1 bar�1 in DMF was obtained with a MWCO of
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Reaction scheme showing the N-benzylation of polybenzimidazole and the diisocyanate-based (A) cross-linking of hydroxylated pol-
ybenzimidazole chains, (B) anchoring of GO sheets, and (C) cross-linking of GO sheets. Reproduced with permission from ref. 58, copyright
2018, ACS Publications.
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190–850 g mol�1. PDA can also be used as a functional layer for
an additional coating or as a selective layer by various cross-
linking approaches. Fei et al. reported a pioneering study by
using an oxidant-promoted biophenol coating as a versatile,
reproducible, and easily scalable method to nely tailor the
separation performance of PBI OSN membranes.61 Kim et al.
developed a robust and tight PBI-based OSN membranes
through reinforcing the active layer with an ultrathin PDA
coating followed by the simultaneous co-crosslinking of the
PDA-coated PBI membranes.62 The PDA layer can effectively
improve the pristine PBI membrane performance by reducing
the overall pore size and lling the defects at the PBI membrane
surface. PDA coated PBI/GO composite membranes for oil-in-
water emulsion separation demonstrated promising long-term
antifouling and antimicrobial properties.63

2.1.3 Covalent crosslinking on PBI membranes for gas
separation. For gas separation, cross-linking generally results in
a higher selectivity but a lower permeability for H2/CO2 gas
separation due to the reduced d-space and fractional free
volume (FFV) between molecular chains. Zhu et al. proposed
a facile cross-linking method of fabricating PBI thin lms where
the acyl chloride groups of terephthaloyl chloride (TCL) reacted
with the –NH– groups in imidazole rings of PBI to form tertiary
amide groups.64 The cross-linking modication could severely
reduce CO2 sorption but only slightly reduce H2 permeability,
thus it signicantly increased the H2/CO2 selectivity. The
resultant PBI thin lms surpassed the 2008 Robeson's upper
bound estimated at 200 �C (ref. 65) and displayed a H2 perme-
ability of 39 barrer and a H2/CO2 selectivity of 23 using a mixed
gas of 50/50 (v/v) H2/CO2 as the feed. Naderi et al. crosslinked
This journal is © The Royal Society of Chemistry 2022
PBI membranes with the aid of 1,3,5-tris(bromomethyl)benzene
(TBB) to enhance the sieving ability by reducing d-spacing and
FFV.66 The TBB-crosslinked PBI membranes showed high
thermal stability up to 560 �C and a greater decline in CO2

diffusivity than solubility, which resulted in a higher H2/CO2

diffusivity selectivity. Under mixed gas tests of 50/50 (v/v) H2/
CO2, the TBB-crosslinked PBI membrane had a H2 permeability
of 9.6 barrer and a H2/CO2 selectivity of 24 at 150 �C above the
2008 Robeson's upper bound. Hosseini et al. cross-linked the
PBI/Matrimid blend membranes using DCX and p-xylene
diamine (XDA) separately.67 The cross-linked PBI/Matrimid (75/
25 wt%) membrane with XDA exhibited a better H2/CO2 selec-
tivity of around 26 owing to the reduced segment mobility of
polymer chains and the increased chain packing density.

Two-dimensional (2D) materials such as graphene oxides
(GOs), MoS2, andMXene can bemade into a laminar membrane
through stacking 2D single layers with sub-nanometer channels
that serve as molecular sieves to separate small gas molecules
(i.e., H2 or He) from large gas molecules (i.e., N2, CO2, and
CH4).68–70 Jin et al. developed a cross-linked PBI-
triglycidylisocyanurate (TGIC) and 2-D sulfonated graphene
(SG) composite membrane with a thickness of 132 mm.70 It could
separate H2 from CO2 based on the mixed proton–electron
conducting mechanism, in which protons diffused by hopping
along the cross-linking sites between the sulfonic groups of SG
and the pyrrole rings of PBI, while electrons were transported
via the highly electron conductive SG, as shown in Fig. 5. By
adding SG, the membrane became more compact due to the
smaller interlayer spacing and swelling ratio. The PBI–TGIC/SG
membrane can separate H2 from the H2/CO2 mixture (50 : 50 v/
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8691
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Fig. 4 Schematic overview of the membrane fabrication methodology for in situ polymerized polydopamine (PDA)/polybenzimidazole (PBI)
interpenetrating polymer network (IPN): (A) casting a dope solution comprising PBI and dopamine monomers, (B) phase inversion in water, (C)
immersing the membrane in an aqueous NaIO4 initiator, and (D) in situ polymerization of dopamine in a tris buffer solution. (E) IPN of linear PBI
and branched PDA. (F) Molecular-level interactions between PBI and PDA polymers. Reproduced with permission from ref. 60, copyright 2019,
ACS Publications.
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v)) with 99.99% selectivity (innite) and a high permeability of
up to 1676 barrer at 300 �C due to the mixed conducting
property of the composite membrane.

2.2 Changes of the main chain structure in PBIs

Although m-PBI has an industrially attractive H2/CO2 selectivity
at elevated temperatures, its low H2 permeability (about 1–2
barrer at 35 �C)64,71,72 hinders its broad membrane applications
for H2 separation unless an ultrathin dense-selective layer can
be fabricated. The low permeability can be attributed to its
limited free volume that resulted from the effective chain
packing owing to the strong H-bonding interactions and p–p

stacking,73–76 as elucidated in Fig. 6. Therefore, many attempts
have been made to modify its mainchain structure that can
improve the gas permeability while simultaneously maintaining
its high H2/CO2 selectivity. Industrially, m-PBI is synthesized by
a two-stage melt-solid polycondensation reaction which is more
conducive for the large-scale production but usually produces
the polymer with a low molecular weight owing to heteroge-
neous reaction conditions.73 Moreover, PBIs made from the
8692 | J. Mater. Chem. A, 2022, 10, 8687–8718
monomer of 3,30-diaminobenzidine (DAB) (also referred to as
3,30-4,40 tetraaminodiphenyl) have very limited solubility in
common polar aprotic solvents due to the rigid rod-like
molecular structure and strong intermolecular H-bonding.77

As a result, the commercially availablem-PBI polymer, even with
a low molecular weight (MW) (i.e., Celazole® S26 PBI with a MW

of 27 000 g mol�1 and an intrinsic viscosity of 0.70 dl g�1),
shows very poor solubility in common solvents, Therefore, it is
oen difficult to fabricate m-PBI into industrially applicable
membranes.

Various molecular designs and modications have been
proposed to improve the gas permeability of PBIs including
optimization of the main chain structure, N-substitution
modication, as well as aforementioned chemical cross-
linking modications. It is well known that systematically
alternating the backbone structure of a polymer with inhibited
chain packing andmobility tends to increase permeability while
maintaining or increasing selectivity.78,79 Therefore, by intro-
ducing bulky groups into the PBI main chains, one can increase
the distance between molecular chains and enlarge the free
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Schematic diagramof themixed conductingmechanism in theMPEC PBI-TGIC/SGmembrane. Reproduced with permission from ref. 70,
copyright 2021, the Royal Society of Chemistry.
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volume without seriously losing the chain rigidity. As listed in
Table 1, structurally modied PBI materials were obtained by
varying the acid moiety during PBI syntheses via solution
polymerization using either DAB or substituted aromatic
dicarboxylic acids. The optimized PBI materials had a reduced
chain packing density, but slightly decreased thermal
stability.73,74,80 In addition, the introduction of (1) tert-butyl
groups in PBI–BuI and (2) hexauoroisopropylidene groups in
PBI–HFA improved solubility in pyridine and NMP, while the
incorporation of bromine in PBI–BrT and PBI–DBrT enhanced
their solvent solubility. However, the solubility of PBI-T was
reduced due to the improvements of chain rigidity and
symmetry, and intermolecular attraction. All the derived PBIs
were amorphous in nature and exhibited high degradation
temperatures (>400 �C).

As shown in Fig. 7, Li et al. synthesized four PBI derivatives
containing bent and rigid congurations that possessed bulky
side groups and could frustrate close chain packing.73

Comparing with commercial m-PBI, the structurally modied
PBIs had higher molecular weights, slightly decreased thermal
Fig. 6 Representation of PBI structural packing: p–p stacking and hydrog
Elsevier.

This journal is © The Royal Society of Chemistry 2022
stabilities, and enhanced organo-solubilities. Table 2 conrms
that the introduction of bulky, exible and frustrated functional
groups into the PBI backbone effectively produced new PBIs with
much higher H2 permeability. However, these PBI derivatives
showed a lower H2/CO2 selectivity range of 5–7 than that ofm-PBI
because of the trade-off relationship between gas permeability
and selectivity. As shown in Fig. 8, all PBI-based membranes
exhibit higher gas separation performance than the 2008 Robe-
son's upper bound prediction at 250 �C (ref. 65) and are prom-
ising materials for H2 separation from syngas at high
temperatures. Among these polymers, the 6F–PBI membrane
had an interesting relationship between CO2 permeability and
temperature because its permeability remained nearly constant
from near-ambient temperature to 250 �C.73 This unique
phenomenon resulted from the combined effects of
temperature-dependent solubility and diffusivity. At low
temperatures, there was a strong CO2–polymer interaction due to
the presence of highly electronegative 6F groups, while at high
temperatures, CO2 solubility decreased rapidly but diffusivity
increased quickly. This led to an almost constant CO2
en bonding. Reproduced with permission from ref. 76, copyright 2016,

J. Mater. Chem. A, 2022, 10, 8687–8718 | 8693
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Table 1 Polybenzimidazoles based on 3,30-diaminobenzidine (DAB)a or tetraaminodiphenylsulfone (TADPS)b

PBI polymer
abbreviation Dicarboxylic acid, HOOC–R–COOH R Chemical structure

Polymerization
solvent, T (�C)

IV
(dL g�1) Ref.

aPBI-I Isophthalic acid (IPA) PPAc, 200 �C 1.4
Kumbharkar et al. 2006,74

2009 (ref. 80)

aPBI-T Terephthalic acid (TPA) PPAc, 200 �C 1.8
Kumbharkar et al. 2009
(ref. 80)

aPBI-Bul 5-tert-Butylisophthalic (Bul) PPAc, 200 �C 1.3
Kumbharkar et al. 2006,74

2009 (ref. 80)

aPBI-HFA
4,40-(Hexauoroisopropylidene)bis
(benzoic acid) (HFA)

PPAc, 200 �C 1.4
Kumbharkar et al. 2006,74

2009 (ref. 80)

aPBI-BRT 2-Bromoterephthalic acid (BrTPA) PPAc, 200 �C 1.3
Kumbharkar et al. 2009
(ref. 80)

aPBI-DBRT 2,5-Dibromoterephthalic acid (DBrTPA) PPAc, 200 �C 1.3
Kumbharkar et al. 2009
(ref. 80)

aPBI-2,6Py 2,6-Pyridinedicarboxylic acid (PyA) PPAc, 200 �C 0.9
Kumbharkar et al. 2009
(ref. 80)

a6F-PBI 2,2-Bis(4-carboxyphenyl)-hexauoropropane PPAc, 220 �C 1.4 Li et al. 2014 (ref. 73)

aPBI-PFCB
4,40-((1,2,3,3,4,4-Hexauorocyclo-butane-1,2-
diyl) bis(oxy))dibenzoic acid

Eaton's reagent,
140 �C

0.73 Li et al. 2014 (ref. 73)

aPBI-BTBP 2,20-Bis(triuoromethyl)benzidine
Eaton's reagent,
140 �C

1.6 Li et al. 2014 (ref. 73)

aPBI-
phenylindane

1,1,3-Trimethyl-3-phenylindan-40,5-dicarboxylic
acid

PPA, 195 �C 0.8 Li et al. 2014 (ref. 73)

bTADPS-OBA 4,40-Oxybis(benzoic acid) (OBA)
Eaton's reagent,
140 �C

—
Borjigin et al. 2015 (ref. 85)
Stevens et al. 2020 (ref. 72)

bTADPS-TPA Terephthalic acid (TPA)
Eaton's reagent,
140 �C

—
Borjigin et al. 2015 (ref. 85)
Stevens et al. 2020 (ref. 72)

bTADPS-IPA Isophthalic acid (IPA)
Eaton's reagent,
140 �C

—

Borjigin et al. 2015 (ref. 85)
Stevens et al. 2020 (ref. 72)

a Polybenzimidazoles were synthesized by a solution polycondensation method based on 3,30-diaminobenzidine (DAB) and dicarboxylic acid.
b Polybenzimidazoles were synthesized by a solution polycondensation method based on tetraaminodiphenylsulfone (TADPS) and dicarboxylic
acid. c PPA, polyphosphoric acid.
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permeability over the evaluated temperature range. Owing to the
high H2 permeance and thermal resistance at elevated temper-
atures, 6F–PBI or PBI–HFA has been used to seal defects on the
selective surface of PBI hollow ber membranes to mitigate the
inuence of pin–hole defects,81,82 similar to the role of commonly
adopted silicone rubber. Since 6F–PBI has a highH2 permeability
8694 | J. Mater. Chem. A, 2022, 10, 8687–8718
due to the presence of highly disrupted and loosely packed
hexauoroisopropylidene diphenyl groups while m-PBI has
a highH2 selectivity owing to the tightly packed phenylene group,
Singh et al. synthesized 6F–PBI/m-PBI copolymers with a tailor-
able permeability and selectivity, and a high inherent viscosity.83
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Synthetic schemes of PBI derivatives (a. m-PBI; b. 6F-PBI, PFCB-PBI, BTBP-PBI, and phenylindane-PBI). Reproduced with permission
from ref. 73, copyright 2014, Elsevier.

Table 2 Permeability and selectivity of the PBI derivative membranesa

PBI membrane Feed gas DP T (�C)
H2 permeance
(GPU)

H2 permeability
(Barrer)

H2/CO2

selectivity Ref.

PBI–I Pure 2.1 � 106 Pa (300 psia) 35 — 0.63 3.8 Kumbharkar et al. 2006,74

2009 (ref. 80)PBI–T 0.16 —
PBI–BuI 10.66 5.58
PBI–HFA 12.15 4.18
PBI–BrT 0.38 —
PBI–DBrT 1.89 —
PBI–2,6Py 1.38 —
m-PBI Pure 3.4 � 105 Pa (50 psia) 250 3.6 76.81 23.03 Li et al. 2014 (ref. 73)
6F-PBI 162.1 997.2 5.174
BTBP-PBI 89.07 710.4 7.111
Phenylindane-PBI 24.55 480.6 6.522
PFCB-PBI 22.55 323.1 6.604
TADPS-OBA Pure 1.0 � 106 Pa (10.0 atm) 35 — 5.7 � 0.2 10 Borjigin et al. 2015 (ref. 84)
TADPS-TPA 5.5 � 0.3 20
TADPS-IPA 3.6 � 0.3 32
m-PBI Pure 3.0 � 105 Pa (3.0 atm) 190 — 22.1 � 0.6 23.3 � 0.9 Stevens et al. 2020 (ref. 72)
TADPS-OBA 38 � 1 18 � 2
TADPS-TPA 31 � 3 24.6 � 0.9
TADPS-IPA 30.1 � 0.8 9.7 � 0.4
m-PBIb Pure 1.4 � 105 Pa (20 psia) 43 — 4.0 16.8 Li et al. 2014 (ref. 73)
m-PBIc Pure 1.1 � 106 Pa (11.0 atm) 35 — 2.0 � 0.1 12 � 1 Zhu et al. 2017 (ref. 64)
m-PBI Pure 2.7 � 105 Pa (2000 torr) 35 — 1.11 � 0.03 11.1 � 1.1 Panapitiya et al. 2015 (ref. 71)
m-PBI Pure 3.0 � 105 Pa (3.0 atm) 35 — 2.4 � 0.1 24 � 1 Stevens et al.2020 (ref. 72)

a 1 Barrer¼ 1� 10�10 cm3 (STP) cm cm�2 s�1 cmHg�1, 1 GPU¼ 1� 10�6 cm3 (STP) cm�2 s�1 cmHg�1 ¼ 7.50� 10�12 m s�1 Pa�1. b Estimated from
their gures.73 c The m-PBI membrane was fabricated from a Celarole® S10 PBI solution.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. A, 2022, 10, 8687–8718 | 8695
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Fig. 8 Robeson plot comparing the PBI derivative membranes with
other polymeric membranes tested for the H2/CO2 separation.
Reproduced with permission from ref. 73, copyright 2014, Elsevier.
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The H2/CO2 separation performance of these copolymers sur-
passed the 2008 Robeson's upper bound at 250 �C.65

Fig. 9 shows another type of highly permeable thermally
rearranged PBI (TR-PBI) membranes with microporous char-
acteristics (i.e., high free volume fraction and large average d-
space) by the scheme from polypyrrolone (PPL) via the ring-
opening reaction in an alkaline solution, and a thermal treat-
ment followed by decarboxylation at 450 �C.84 The TR-PBI
membranes treated at 450 �C had a H2 permeability of 1779
barrer and an ideal H2/CO2 selectivity of 1.1 at 25 �C. Although
the H2/CO2 selectivity was low, it could be improved by
increasing the feed temperature since the CO2 permeability
would drop signicantly due to the decrease in CO2 solubility at
higher temperatures of more than 200 �C.

Borjigin et al. synthesized PBIs containing sulfonyl groups
and fabricated them as high temperature membranes for H2/
CO2 separation.85 As illustrated in Fig. 10, the rigid 3,3-diamine
monomer was substituted by the monomer of 3,30,4,40-tetraa-
minodiphenylsulfone (TADPS). The exible and kinked sulfonyl
linkage in the main chain structure not only enhanced the PBI
solubility but also inhibited the chain packing and interchain
interactions.72 As a result, these novel PBIs had enhanced Tg and
solubilities in dipolar aprotic solvents that facilitated the solu-
tion casting of thin and defect-free membranes. Table 2 also
summarizes their gas separation properties for H2/CO2 separa-
tion at 35 �C.

N-substituted polybenzimidazoles were also synthesized by
using selective bulky or exible side groups in order to break the
intermolecular H-bonding, disrupt chain packing and increase
the gas permeability.86 Although both the Tg and degradation
temperature of N-substituted PBIs became lower owing to the
increase in chain exibility, the gas permeability increased
while the gas selectivity declined. Similarly, the gas sorption
capability increased because of the loose chain packing and
weak H-bonding. In addition, the solubility in solvents of
chloroform and trichloroethylene was enhanced.86 As a result,
8696 | J. Mater. Chem. A, 2022, 10, 8687–8718
N-substituted PBIs have gas separation properties more suitable
for other gas pairs rather than for H2/CO2 separation.87

As a class of porous organic frameworks (POFs),
benzimidazole-linked polymers (BILPs) have been synthesized
by the condensation reaction between aryl-o-diamines and
aldehydes in DMF to form amorphous powders with network
structures.88,89 The resultant BILPs were insoluble in solvents
and had outstanding thermal and chemical stabilities, as well
as high CO2 uptakes. They may be a good candidate for CO2

capture, storage as well as other industrial separations. Shan
et al. prepared defect-free BILP membranes by using the inter-
facial polymerization method and the resultant membrane
exhibited excellent separation performance with a permeance
of 24 GPU and H2/CO2 selectivity of 40 at 150 �C using an
equimolar H2/CO2 mixture as the feed at 1 bar.90 Wang et al.
followed the same approach and synthesized BILP membranes
suitable for He/CH4 separation.91 Both membranes have sepa-
ration performance surpassing the 2008 Robeson upper
bounds. So far, BILP-based PBI membranes have not received
much attention especially on the fabrication and applications of
their HFMs.
3. Fabrication of PBI hollow fiber
membranes (HFMs)

Polymeric membranes are generally fabricated by the phase
inversion process where a homogeneous polymer solution
consisting of solvents as the continuous phase converts into
a three-dimensional polymeric network where the dissolved
polymers become the continuous phase. The phase inversion
can be induced by solvent evaporation (i.e., the dry-cast), non-
solvent/solvent exchange (i.e., the wet-cast), non-solvent
absorption, and cooling (i.e., the thermal-cast).92
3.1 Fundamental of asymmetric HFM formation by non-
solvent induced phase separation

During the non-solvent induced phase separation (NIPS), the
phase separation of a polymer solution is induced by compo-
sition changes due to the inow of non-solvents and the outow
of solvents. The change in composition induces the phase
separation of the dope solution and leads to the formation of
the membrane matrix. Membranes prepared via the NIPS
method would have an asymmetric structure with different
degrees of porosity across the membrane thickness. Since the
dense skin layer and the porous substrate layer are made of the
same material, it is referred to as integrally skinned asymmetric
(ISA) membranes.

The NIPS process can be qualitatively illustrated by a triangle
phase diagram which describes the thermodynamic interac-
tions among the polymer, solvents, and non-solvents. The
binodal curve divides the triangle into two regions, namely,
a single-phase region where all components are miscible and
a two-phase region where the homogeneous solution separates
into a polymer rich phase and a polymer lean phase,93,94 as
shown in Fig. 11. During the phase inversion, the nascent
membrane starts to cross the binodal curve, its composition is
This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Synthesis route to microporous polybenzimidazole (TR-PBI) from polypyrrolone (PPL) using a thermal rearrangement concept.
Reproduced with permission from ref. 84, copyright 2010, Elsevier.
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divided into two phases connected by a tie line. The polymer-
rich and polymer-lean phases would eventually develop into
the polymer matrix and pores, respectively. Ideally, the nal
This journal is © The Royal Society of Chemistry 2022
morphology of as-cast at-sheet membranes is mainly related to
the initial casting composition, binodal curve position, and
precipitation path if no external forces or factors are applied.
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8697
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Fig. 10 Synthesis of polybenzimidazole using Eaton's reagent as
a solvent.72 PPMA (Eaton's reagent): phosphorus pentoxide/meth-
anesulfonic acid.
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Generally, kinetics will affect the precipitation path for a given
polymeric solution, whereas thermodynamics controls the
position of binodal points during the phase inversion.93–96

During the spinning of a hollow ber membrane (HFM),
a polymer solution and a bore uid are extruded through
a spinneret simultaneously and a nascent hollow ber begins to
form and then enters the coagulation bath where solvents and
nonsolvents are fully exchanged, as shown in Fig. 12. The bore
uid that occupies the lumen space can be simply removed
during the solvent exchange and drying steps. Different from
at-sheet membranes, the fabrication of hollow bers involves
two coagulants (i.e., internal and external coagulants) which
inuences the formation of the inner and outer surfaces,
Fig. 11 Schematic of the ternary phase diagram of a polymer–solvent–

8698 | J. Mater. Chem. A, 2022, 10, 8687–8718
respectively. Depending on the two coagulants' chemistry,
solubility parameters and other factors, they may determine
where the selective layer is formed. For example, the evapora-
tion of volatile components in the air gap region can cause the
outermost surface of the nascent hollow ber to approach
a vitried state, thus a dense skin is formed on the outer layer of
the hollow ber. Once the nascent hollow ber enters the
coagulant bath, both inner and outer coagulants would diffuse
into the hollow ber and induce a porous substrate that
provides the overall mechanical strength. In this way, a desir-
able integrally skinned asymmetric hollow bermembrane with
a dense layer on top of a porous substructure is formed. Spin-
ning parameters have important inuences on the phase
inversion process, including dope and bore uid compositions,
dope viscosity, air gap distance, extrusion rates of the dope and
bore uid, and take-up speed. The manufacturing process of
HFMs in large scale production is shown in Fig. 13.

Hollow ber membrane modules have several advantages
over both tubular modules and spiral-wound modules made of
at-sheet membranes, including a higher ratio of surface to
volume and a much smaller footprint.35,97,98 In addition, spiral
wound modules require (1) a higher energy input due to the
pressure drop along the spacer-lled channels and (2) extensive
pre-treatment of feed solutions to reduce fouling.99 In contrast,
HFMs need less pre-treatment and operation maintenance
while keeping a relatively high packing density. Due to the
advances in multi-lament spinning capability, modern HFM
fabrication systems have achieved exceedingly high produc-
tivity.100 They can offer module surface area-to-volume ratios
approaching 1000–10 000 m2 m�3.35,101,102 Usually, a thick
dense-selective layer in hollow ber membranes may offset
some of the surface area advantage of the ber conguration,
but it is feasible to increase the module productivity (i.e.,
surface area) per unit volume by an order of magnitude.33 In
nonsolvent system.

This journal is © The Royal Society of Chemistry 2022
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Fig. 12 Schematic of the enlarged regions inside and outside of the spinneret and the formation of a nascent hollow fiber membrane via a NIPS
process.
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addition, HFMs can withstand a high transmembrane pressure
difference (up to 70 bar) while the manufacturing cost is 5–20
times lower than those of equivalent membranes used for spiral
wound modules in large-scale gas separation applications.97
3.2 State-of-the-art technologies to design integrated
skinned PBI HFMs

The unique macromolecular characteristics of PBI make it
a highly challenging polymer to develop integrally skinned
asymmetric membranes with a controllable morphology. The
rigid rod-like molecular structure produces strong H-bonding
and p–p stacking between PBI molecular chains,73–76 which
not only limits its dissolution in common organic solvents but
also oen results in brittle membranes. PBI is only soluble in
high boiling point aprotic solvents including DMAc, NMP, and
DMF owing to their nitrogen functionality. Accordingly,
commercially available highly concentrated PBI solutions are
prepared at a high temperature up to 240 �C under high pres-
sures.103 LiCl is commonly added into the PBI/DMAc solution
during dissolution to improve polymer solubility and maintain
solution stability.104,105
This journal is © The Royal Society of Chemistry 2022
3.2.1 The formation of macrovoids during NIPS. Fabri-
cating PBI HFMs using a DMAc/water or NMP/water mixture as
the bore uid and water as an external coagulant has been re-
ported for gas81 and PV106 applications. The resultant HFMs had
either a layer of large macrovoids or two layers of small mac-
rovoids located at the inner and outer surface regions. When
using DMAc/EG or DMAc/EG/THF as the bore uid, the mac-
rovoids near the inner layer were eliminated.42,107 However,
these PBI HFMs with half-part macrovoids were still very brittle
and might collapse aer drying. This drawback has created
a tremendous challenge to fabricate PBI into self-supported
membranes and modules. To overcome the inherent difficulty
of forming a desirable HFM and minimize the structure
collapse during the drying, one must understand the funda-
mentals of hollow ber spinning and control the nal
membrane morphology by optimizing the spinning conditions.

It is well known that macrovoids may be formed in polymeric
membranes via NIPS if the nonsolvent/solvent exchange is very
rapid while the rapid solvent exchange is necessary to create an
ultrathin dense-selective skin on the membrane surface. In
general, macrovoids with nger-like and tear-drop shapes in
asymmetric HFMs are considered as weak mechanical points
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8699

https://doi.org/10.1039/d2ta00422d


Fig. 13 The manufacturing process of hollow fiber membranes in large-scale production.
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which generate high stress areas and cause ber failure under
vibrations in membrane bioreactors (MBRs) or high pressures
for gas separation especially at high temperatures.35,95,96,108

When the operation temperature is close to the Tg of the poly-
mer, the enhanced chain mobility leads to increasing the
susceptibility of structural collapse at these defect locations
under high transmembrane pressures.109 In addition, the pres-
ence of macrovoids near the outer surface of HFMs oen results
in a defective selective layer.82 The technology to develop
macrovoid-free HFMs is crucial for the rapidly growing
membrane applications.

The origin of macrovoids is one of the debatable subjects
among membrane scientists in the last 5 decades. Early
researchers believed it could arise from instantaneous liquid–
liquid demixing and the nucleation of droplets in the lean
polymer phase due to the diffusion-driven mechanism,110–112

while others thought it could start from local mechanical
instability, surface rupture and non-solvent intrusion, followed
by rapid nucleation of droplets in the lean polymer phase.113,114

Other mechanisms such as Marangoni effects,115 osmosis
pressure116 and solutocapillary convection mechanism117–119 had
also been proposed. The solutocapillary convection mechanism
consisted of diffusion and Marangoni force generated by local
surface tension gradients. Clearly, macrovoid formation may
8700 | J. Mater. Chem. A, 2022, 10, 8687–8718
involve multiple mechanisms taking effect simultaneously due
to the existence of large differences in viscosity and concen-
tration gradients between the two phases.35,96 Today, two
mechanisms as well as their combined mechanism are mostly
accepted for macrovoid formation: (1) the diffusion mechanism
with the aid of solutocapillary convection, and (2) local surface
instability, skin rupture and non-solvent intrusion.

Several methods have been proposed to suppress macrovoid
formation, such as: (1) increasing polymer concentrations or
dope viscosity120 or adding components with high viscosity,121,122

(2) inducing delayed demixing or gelation,116,123 (3) adding
surfactants in dopes,124 (4) decreasing dope temperature125 or
increasing temperature in the coagulation bath,126 (5) spinning
at high shear rates or high elongational rates.120,127,128 Although
increasing the dope viscosity by the aforementioned methods is
an effective means to lower non-solvent intrusion andminimize
macrovoid formation, it oen leads to a thick dense-selective
layer.96,129 One must also choose a suitable solvent–nonsolvent
system during the phase inversion process to produce
membranes with the desirable morphology, mechanical prop-
erties and separation performance.

Solubility parameter has been extensively used to predict the
solubility of polymers in solvents. The Hanson solubility
parameter (d) of a material is determined by the group
This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Solubility parameter plot for PBI and organic solvents. dd, dp,
and dh (Hansen parameters) are the contribution of dispersive force,
polar force and hydrogen bonding, respectively. The green circle
represents a solubility parameter difference between PBI and organic
solvent of less than 5.82
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contributions from its structural elements based on dispersion
forces (referred to as dd), polar interactions (dp) and hydrogen
bonding (dh).130 The total solubility parameter (dT) of a polymer
is a sum of these three contributions, as written in eqn (1).
When dissolving a polymer in a solvent, the difference in their
solubility parameters, DdS–P, can be calculated from eqn (2). The
combined parameter, dv, is dened as eqn (3).131

dT ¼ (dd
2 + dp

2 + dh
2)1/2 (1)

DdS–P ¼ [(dd,S � dd,P)
2 + (dp,S � dp,P)

2 + (dh,S � dh,P)
2]1/2 (2)

dv ¼ (dd
2 + dp

2)1/2 (3)

Table 3 lists the solubility parameters of PBI, some solvents
and non-solvents. For a given polymer, one can determine the
“solubility circle” associated with the polymer and solvents
according to the DdS–P values. When the DdS–P value is less than
5, the solvents inside this circle are considered as “good”
solvents that will dissolve or swell the polymer.132 Usually, the
combined parameter dv is plotted against dh to compare various
polymer/solvent systems. As illustrated in Fig. 14, DMAc, NMP
and acetone, are good solvents for PBI although PBI is insoluble
in acetone, while MeCN, ethylene glycol, and THF are non-
solvents (NS).

The solubility parameter difference between the solvent and
non-solvent will inuence the solvent exchange rate and alter
the polymer solubility in the transient polymer/solvent/non-
solvent mixture during the non-equilibrium state of the phase
inversion process. Generally, a closer solubility parameter
between the polymer solution and nonsolvent would result in
a delayed demixing, thereby obtaining a more porous
membrane structure without macrovoids. In contrast, if they
have a larger difference in solubility parameter, it may result in
an asymmetric membrane with a dense nonporous top layer
with macrovoids due to the instantaneous dimixing.

3.2.2 State-of-the-art technologies to design macrovoid-
free PBI HFMs. Dahe et al. systematically investigated the
fundamentals of wet spinning asymmetric PBI HFMs consisting
of a porous support structure and dense-selective layers.132 They
found that a dope containing 21.3 wt% PBI in DMAc had
a sufficient viscosity that could prevent macrovoid formation in
PBI HFMs. In addition, the formation of macrovoids in wet-
spun PBI membranes was dependent on the ratio of
Table 3 Solubility parameters of PBI, solvents and non-solvents130

Polymer or Solvent dp (MPa1/2) dd (MPa1/2)

PBI 8.7 17.3
DMAc 11.5 16.8
NMP 12.3 18.0
DMF 13.7 17.4
THF 16.8 5.7
MeCN 18.0 15.3
Acetone 10.4 15.5
Toluene 18.0 1.4
EG 17.0 11.0
Water 16.0 15.5

This journal is © The Royal Society of Chemistry 2022
nonsolvent inow to solvent outow. When using acetone,
methanol and ethanol as bore uids, because acetone has (1)
the smallest diffusivity in DMAc among these three solvents and
(2) a close solubility parameter with the PBI/DMAc dope, the
inow of acetone to the nascent hollow ber was mild and
slightly larger than the outow of DMAc, thus resulting in
a porous substrate. In contrast, methanol has the highest
diffusivity in DMAc, it induced a rapid nonsolvent/solvent
exchange and resulted in PBI membranes with many large
macrovoids near the inner layer. Usually, a dense-selective layer
is formed when its solvent outow is faster than the nonsolvent
inow. An acetone solution containing 1–2 wt% water was
employed as the external coagulant because acetone had a small
diffusivity in DMAc and the presence of 1–2 wt% water in
acetone could facilitate the outow of DMAc. In addition, the
inow of water into the nascent hollow ber would be slower
than the outow of DMAc due to the high dope viscosity. The
dh (MPa1/2) dP or dS (MPa1/2) dS-P (MPa1/2)

8.9 21.3 —
10.2 22.8 3.1
7.2 23.0 4.0

11.3 24.9 5.5
8.0 19.4 14.2
6.1 24.4 9.9
6.9 20.0 3.2
2.0 18.2 19.7

26.0 32.4 20.0
42.3 47.8 34.2

J. Mater. Chem. A, 2022, 10, 8687–8718 | 8701
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resultant defect-free PBI HFMs had a H2 permeance ranging
from 7 to 21 GPU while the H2/CO2 selectivity varying from 22.4
to 14 at 250 �C.

A breakthrough was made by Singh et al. who added aceto-
nitrile in diluted PBI solutions, discovered its effectiveness to
augment the dope viscosity and produced dry-jet wet-spun PBI
HFMs with a desirable morphology; namely, an outer dense-
selective layer and a macrovoid-free porous substrate.82 Aceto-
nitrile (MeCN) was chosen because it (1) is a weak solvent to PBI,
(2) is a low boiling solvent (82 �C), (3) is highly soluble in water,
and (4) has smaller MW than DMAc (41.05 vs. 87.12 g mol�1). As
a result, it increased the PBI dope viscosity due to the enhanced
inter- and intra-molecular frictions among PBI chains and thus
minimized the non-solvent intrusion during phase inversion,
while its characteristics of high solubility in water, small MW
and size, and low boiling point facilitated (1) the solvent/
nonsolvent exchange in a wet-spinning process or (2) the
solvent evaporation in a dry-jet wet-spinning process, thus
forming a thin outer-selective layer. In addition, the authors
adopted a PBI/DMAc/MeCN spinning solution very near to the
precipitation point. Therefore, a small variation of dope
composition due to the solvent/nonsolvent exchange could
result in a uniform precipitation across the membrane. The
obtained PBI HFMs have a bi-continuous sponge-like
substructure that not only improved the overall mechanical
strength of HFMs but also minimized the gas transport resis-
tance. By manipulating the PBI HFM spinning parameters, the
thickness of the dense-selective layer could be nely tuned
between 200 and 2000 nm. The resultant PBI HFMs coated with
6F-PBI (i.e., as a defect sealant) had a H2 permeance one to two
orders of magnitude higher than those reported by Kumbharkar
et al.81 and Dahe et al.132 with a comparable H2/CO2 selectivity.
3.3 Dual-layer PBI HFMs

Henne et al. invented the co-extrusion technique to fabricate
dual-layer asymmetric composite HFMs for hemodialysis in the
late 1970s.133 The formation mechanism and controlling
parameters for dual-layer hollow ber fabrication are compli-
cated because two polymer solutions undergo phase inversion
with different chemistries and rheological properties simulta-
neously.134 However, the dual-layer co-extrusion technique
offers many advantages over the single-layer one. For example,
one can fully explore the use of expensive and high-performance
polymers as the selective-layer material and reduce the trans-
port resistance in the support layer by using another low-cost
but mechanically strong material or a less concentrated poly-
mer solution as the inner-layer dope. Compared to the
membranes made by the layer-by-layer assembly, dip coating,
and interfacial polymerization, the dual-layer co-extrusion
technique has a higher productivity and more exibility to
tailor the HFM morphology.35,96 Therefore, the co-extrusion
technique has been extended to produce dual-layer HFMs for
gas separation,135–137 water nanoltration,138–140 pervapora-
tion141–144 and OSN.145–147 Fig. 15 shows a typical dual-layer
spinneret structure with triple orices.
8702 | J. Mater. Chem. A, 2022, 10, 8687–8718
The most important issues with dual-layer HFMs are (1)
delamination and (2) poor adhesion between the two polymeric
layers. Delamination is oen observed between the two layers
due to their different shrinkage rates during phase inversion.134

To overcome it, in addition to adjusting the spinning condi-
tions, one can incorporate nanoparticles into the inner layer to
lower its shrinkage rate or use an indented dual-layer spinneret
to premix and enhance molecular diffusion between the two
layers.136 To improve the interfacial adhesion, the miscibility of
the two polymers must be considered. A good adhesion can be
achieved if the two polymers are partially miscible.144 In addi-
tion, the incorporation of a small number of nanoparticles into
the selective layer appears to be effective to achieve a good
interfacial adhesion between the two layers.139,148 One of the
reasons arises from the fact that the addition of nanoparticles
into the selective-layer dope may increase its viscosity, retard
nonsolvent intrusion and mitigate the formation of large voids
(i.e., weak points) between the two layers.

A seamless interface is essential for the long-term structural
integrity and separation performance of HFMs, especially at
high pressures. PBI as the selective layer has been made into
dual-layer HFMs through the co-extrusion process with other
polymers. Delamination-free PBI/PAN (i.e., PBI/
polyacrylonitrile) dual-layer HFMs,139 PBI/P84 (i.e., PBI/co-
polyimide, BTDA-TDI/MDI),141,142,145 PBI/PEI (i.e., PBI/poly-
etherimide),106,149,150 and PBI/PES (i.e., PBI/poly-
ethersulfone)151,152 have been fabricated and used for various
membrane separations.

3.4 Blended PBI HFMs

To improve the permeability of PBI-based membranes, efforts
have also been devoted to (1) blending PBI with a more
permeable polyimide, and (2) incorporating functional nano-
particles to the PBI membrane matrix. Polyimides with a high
FFV have been extensively studied for gas separation due to
their superior separation performance67,153 while the major
deciency of polyimides is their poor anti-plasticization prop-
erty even under a low CO2 pressure.154 The miscibility and
interaction between PBI and polyimides arise from the strong
H-bonding between the N–H groups of PBI and the C]O groups
of polyimides, thus some PBI/polyimide blends could display
good miscibility over the entire composition range.155,156 Since
the incorporation of PBI into a polyimide matrix results in
a higher chain packing density and a lower segmental mobility,
this could lead to a higher diffusivity selectivity. In addition, the
good processability of polyimides can compensate for the poor
processability of PBI. HFMs made of PBI/Matrimid and PBI/PEI
blends have been fabricated for gas separation,67,157 pervapora-
tion,106,149,150,158 and oil–water treatment.159

3.5 Mixed matrix PBI composite HFMs

Mixed matrix membranes (MMMs) are designed by combining
the strengths of the polymer matrix and functional nanollers
to surpass the upper performance limit of polymeric
membranes.160,161 Usually, the polymer matrix offers good
processability, while the nanollers provide high ux and
This journal is © The Royal Society of Chemistry 2022
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Fig. 15 Schematic diagram of spinneret for dual-layer hollow fiber spinning. Reproducedwith permission from ref. 134, copyright 2002, Elsevier.
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selectivity. The major challenge in fabricating high-
performance PBI-based MMMs is how to uniformly disperse
nanoparticles in the polymer matrix via adjusting the size and
surface chemistry of nanoparticles and optimizing fabrication
protocols.160–164 PBI/carbon nanotubes, PBI/graphene, and PBI/
graphene oxide, PBI/ZIF nanocomposites have motivated
extensive research in the elds of supercapacitors, gas separa-
tion, strengthened materials, and fuel cells.12 Since zeolitic
imidazolate frameworks (ZIFs), a subfamily of metal–organic
frameworks (MOFs), have characteristics of tailorable cavity
sizes, high porosity and good affinity with polymers, exceptional
thermal stability and outstanding chemical resistance,161,165

high-performance PBI/ZIF MMMs have been molecularly
designed to improve the H2 separation performance at high
temperatures.166–168 As another key challenge to develop highly
selective MMMs, the lack of interfacial adhesion may cause
nanosized nonselective gaps between the llers and PBI matrix
which are detrimental to the ltration performance. By means
of covalently graing nanoparticles' surface with PDA or poly(N-
isopropylacrylamide) (PNIPAM), they can become entangled
with the membranes' polymer matrix to eliminate the unde-
sirable gaps.169,170
4. Applications of PBI HFMs

Since the early 1970s, owing to their remarkable chemical
resistance, mechanical strength and thermal stability, PBI
HFMs have been widely explored in many membrane separa-
tions such as microltration (MF) and ultraltration (UF),
reverse osmosis (RO), nanoltration (NF), forward osmosis
This journal is © The Royal Society of Chemistry 2022
(FO), organic solvent nanoltration (OSN), pervaporation (PV)
and gas separation, particularly in aggressive environments.
Here, we mainly summarize the historical background, market
demands, major technology milestones and breakthroughs in
the fabrication of PBI HFMs in the elds of RO, NF and OSN, PV
and gas separations.
4.1 PBI HFMs for reverse osmosis (RO)

Due to its unique intermolecular hydrogen bonding, PBI was
found to absorb up to 15% moisture that was equal to or higher
than natural materials.103 This early nding suggested PBI as an
ideal hydrophilic material for RO and NF membranes because it
also possesses the required thermal, physical and chemical
stability over a wide range of pH. Therefore, asymmetric PBI RO
at sheets and HFMs were fabricated from PBI/DMAc/LiCl solu-
tions by the dry-jet wet-spinning technology in the 1960s and
1970s.103,171,172 Briey, a PBI dope was metered and extruded
through a multichannel spinneret, and an inert hydrocarbon
liquid (such as dodecane) was delivered as the bore uid through
the lumen of the spinneret.173 The obtained PBI membranes were
post-treated and thermally annealed in a hot ethylene glycol
solution at 140–180 �C to gain the permselectivity. A selective
layer was formed on the outer surface while the ber wall con-
sisted of many nger-like macrovoids because water was used as
the external coagulant.171,174 Compared to cellulose acetate (CA)
membranes, the 1st generation PBI RO membranes could with-
stand intensive chemical cleaning and was suitable for long-term
use due to the unique properties of PBI in high-temperature and
harsh environments.171,175,176 Table 4 shows a comparison of RO
performance between PBI and CA membranes at ambient and
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8703
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elevated temperatures.171 At ambient temperature they have
comparable RO performance while PBI HFMs have superior RO
performance to CA at elevated temperatures. Therefore, the early
developed PBI RO HFMs were used in two specic applications;
namely, seawater desalination in harsh environments and the
recovery of washing water from space vehicles at pasteurization
temperatures.177

Recently, both Wang et al.178 and Wales et al.179 fabricated
PBI RO HFMs without nger-like macrovoids from PBI/DMAc/
PVP/IPA dopes using MeOH/IPA mixtures as the internal and
external coagulants. Fig. 16 shows one of their morphologies.178

The PBI hollow ber membranes exhibited good separation
performance with a pure water permeability of 0.07 L m�2 h�1

bar�1 and a NaCl rejection of 99.0% aer being treated with
a 1000 ppm NaClO solution for 1 h. These performances were
comparable to the commercial CTA RO HFMs produced by
Toyobo Co. Ltd.178 The PBI HFM demonstrated the stable
operation of a single-stage RO system for treating concentrated
Table 4 Comparative performances of PBI and CA reverse osmosis me

Operating temp.
(�C)

Testing time
(hr)

Final ux of CA
membranes L m

70 5 20.4(12)
120 5 34(20)
167 20 8.5(5)
194 5 0(0)

Fig. 16 Typical morphology of a polybenzimidazole RO hollow fiber m
MDPI.

8704 | J. Mater. Chem. A, 2022, 10, 8687–8718
ue gas desulfurization (FGD) wastewater with a salt rejection of
97%.179 However, since polyamide-based thin-lm composite
(TFC) membranes invented in the 1980s180,181 via in situ inter-
facial polymerization have impressively high RO performance
and currently dominate the market of seawater desalination,
the importance of PBI RO membranes has been signicantly
reduced.
4.2 PBI nanoltration (NF) HFMs for water treatment

As a pressure-driven process, NF utilizes membranes to selectively
remove multivalent cations and anions as well as larger size dis-
solved solutes while having limited rejections to monovalent
ions.182,183 The selective layer of NF membranes usually has
a nominal MWCO varying from 200 to 1000 Da and a pore size of
around 0.5–2.0 nm in diameter.181–185 Separation mechanisms of
NFmembranes involve (1) size exclusion (i.e., the steric effect) and
(2) Donnan exclusion (i.e., the partitioning interaction between
mbranes171

�1 h�1 (gal �2 d�1)
Final ux of PBI
membranes L m�1 h�1 (gal �2 d�1)

27.2(16)
28.9(17)
32.3(19)
42.5(25)

embrane.Reproduced with permission from ref. 178, copyright 2018,

This journal is © The Royal Society of Chemistry 2022
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the membrane and the feed solution).186,187 Compared to RO, NF
membranes have a relatively higher water permeability and
a lower operation pressure, thus the latter consumes signicantly
less energy than the former. NF membranes have been broadly
applied for water soening, removal of heavy metals from
wastewater, treatment of municipal and industrial effluents,
purication and concentration of biomedical products, and
separating SO4

2� from high salinity brines in the chlor-alkali
process.182–184 NF membranes can be made in various geome-
tries (i.e., at sheet, hollow ber and tubular) and packed into
modules of different congurations for industrial applications.
Compared to at-sheet and tubular membranes, the hollow ber
geometry not only provides an extremely favourable surface area-
to-volume ratio, but also greatly simplies the hardware necessary
for module fabrication. The desirable NF membranes for liquid
separation must have the necessary chemical stability and robust
mechanical strength to withstand high trans-membrane pres-
sures employed during operations. Although at-sheet NF
membranes made by the TFC approach are dominant in the
current NF market, the complicated production process during
interfacial polymerization on porous substrates is one of their
major drawbacks.99 There are high market demands on integrally
skinned asymmetric NF HFMs consisting of an ultrathin selective
layer on a highly porous substrate made by NIPS or other
strategies.

Chemically, PBI is a weakly basic polymer. It has a pKa value
of 5.5 in the protonated form14 due to the fact that its hetero-
cyclic imidazole group has two nitrogen atoms. The one
attached to the H atom can be a hydrogen bond donor while the
nitrogen with the lone pair is more likely to be a proton
acceptor.188 PBI may become self-charged in aqueous solutions
since the adjacent benzene ring delocalizes the proton of the
imidazole group. The self-charging feature can be used to
directly develop PBI NF HFMs without additional modica-
tions. Moreover, PBI-based NF membranes can overcome one
major shortcoming of polyamide-based TFC NF membranes
because the latter is vulnerable to chlorine attack during the
chemical cleaning and disinfectant processes for water and
wastewater treatment.99

Many research efforts have been devoted, since the early
2000s, to the fabrication of single- and dual-layer PBI-based NF
HFMs through the NIPS process. Wang & Chung investigated
the effects of bore uid on the morphology and separation
performance of PBI HFMs.107,189 By using amixture of DMAc and
ethylene glycol as the bore uid, the resultant PBI HFMs have
no macrovoids in the inner substrate, as illustrated in Fig. 17.
Therefore, the PBI HFMs could withstand a high operation
pressure up to 30 bar. The asymmetric PBI NF HFMs had a PWP
of 1.86 L m�2 h�1 bar�1, a mean effective pore size of 0.348 nm
in radius and a narrow pore size distribution. They could
effectively segregate ions from salt mixtures because they had
high rejections to divalent cations and anions while low rejec-
tions to monovalent ions. Clearly, the PBI NF HFMs can (1)
remove heavy metals from wastewater and (2) separate chro-
mate and sulfate ions from brines to facilitate the chlor-alkali
process even under a high pH up to 14.189,190 To further reduce
the material cost and transport resistance but retain the high
This journal is © The Royal Society of Chemistry 2022
rejection characteristics, dual-layer PBI/PES NF HFMs were also
developed.191 The thickness of the PBI layer could be reduced to
around 6 mm without compromising the separation perfor-
mance. Therefore, both single- and dual-layer PBI NF HFMs
have great potential to effectively remove heavy metal ions in
various industries.

PBI based HFMs have also been explored in (1) forward
osmosis (FO) for water reclamation151,192–194 and protein
concentration,152 (2) pressure-retarded osmosis process (PRO)
for power generation139,195,196 and (3) organic solvent nano-
ltration (OSN). Among them, PBI membranes for OSN have
received most attention because most FO and PRO processes do
not involve harsh environmental and testing conditions.
4.3 PBI HFMs for organic solvent nanoltration (OSN)

OSN offers the most cutting-edge molecular-level separation
and purication strategy in organic solvent media.197–202

Although Sourirajan rst proposed the concept of OSN in 1964
by using cellulose acetate membranes to separate liquid
hydrocarbon mixtures,203 it did not catch much attention
because of the immaturity in membrane materials and tech-
nologies. Since the 2000s, the industrial demands on OSN have
arisen swily due to (1) greater governmental and environ-
mental regulations and (2) successful recovery of solvents from
oil in the Max–Dewax process at ExxonMobil plants,204 thus OSN
membranes advanced rapidly with the aid of recently invented
nanomaterials and membrane technologies. Today, OSN has
proved its values as a promising energy-saving technology for (1)
the recovery/reuse of organic solvents and (2) the concentration
and recycle of valuable products such as catalysts, active phar-
maceutical ingredients (APIs) and intermediates. Recently,
catalyst-graed PBI OSN organocatalytic membranes have been
developed to be a sustainable membrane-based synthesis-
separation platform for enantioselective organocatalysis.205 As
a process intensication methodology, the enhanced organo-
catalysis and compact reactor design reduced the E-factor and
carbon footprint by 93% and 88%, respectively.

Although some lab-scale OSN HFMs have been made from
chemically resistant or cross-linkable polymers, such as poly-
acrylonitrile (PAN),206,207 polyphenylsulfone (PPSU),208 polyimides/
polyamides (e.g. P84,209 Torlon,210,211), there are still no commer-
cially available OSN HFMs for industrial applications. Since PBI
already has limited dissolution in common solvents, the chemi-
cally crosslinked PBI should possess much higher chemical
stability against plasticization and swelling in polar solvents.
Moreover, different from the crosslinking modications of PAN
and polyimide membranes, the PBI backbone structure remains
unchanged and strong aer the modications, making it
a potential polymer to fabricate integrally skinned asymmetric
OSN HFMs.

A dual-layer OSN HFM was synthesized by a coextrusion-
crosslinking approach using PBI as the outer selective layer
and in situ HPEI crosslinked P84 as the inner substrate layer.145

The composite OSN HFM showed a rejection of >99% to
methylene blue (MW: 319.85 g mol�1) and good solvent per-
meances in water, methanol and MeCN. The chemical stability
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8705
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Fig. 17 Morphology of an asymmetric PBI nanofiltration hollow fiber membrane.Reproduced with permission from ref. 189, copyright 2006,
Elsevier.
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and selectivity of PBI membranes were largely improved in
organic solvents. Tashvigh et al. synthesized acid-doped PBI
HFMs aer immersing them in a 2.0 wt% H2SO4/isopropanol
solution.42 The modied PBI membranes displayed remarkable
stability in DMAc and DMF, fair stability in DMSO but poor
stability in NMP due to the H-bonding between NMP and PBI
which would weaken the performance of acid-doped PBI
membranes. Therefore, doping PBI membranes with a strong
acid might cause a leaching issue. By using a green cross-
linking process, Zhao et al. modied PBI HFMs with a K2S2O8

aqueous solution at 35 �C.45 The resultant PBI membranes not
only had greater stability in harsh solvents such as NMP, DMF
and DMSO, but also showed better mechanical properties due
to the newly formed N–N covalent bonds among different PBI
chains. Wang et al. adopted a double modication strategy to
fabricate integrally skinned PBI-DBX-SCA8 HFMs by combining
DBX covalent crosslinking and 4-sulfocalix[8]arene (SCA8) ionic
impregnation.212 Synergistical improvements in chemical
stability, molecular sieving ability and mechanical strength
were observed. The PBI HFMs showed broad tolerance to polar,
non-polar and aprotic polar solvents and had a controllable
molecular-level separation ability. One-inch PBI HFM modules
were also fabricated to demonstrate their long-term perfor-
mance for solvent recovery from various acetone/oil mixtures.

4.4 PBI HFMs for pervaporation

Pervaporation is a membrane-based liquid separation that
depends on the chemical potential difference (i.e., partial vapor
pressure) of components between the feed and permeate.213
8706 | J. Mater. Chem. A, 2022, 10, 8687–8718
Generally, the upstream side of the membrane is in direct
contact with the feed solution, while the downstream side is
under vacuum or sweeping by an inert gas. The separation is
achieved by the differences in solubilities and diffusivities of
different volatile components across the membrane.
Comparing with conventional liquid separations such as
distillation and liquid–liquid extraction, pervaporation has
higher separation efficiency, lower energy consumption, lower
capital cost and less pollution.214 It has been extensively used for
solvent dehydration, separation of volatile organic compounds
from wastewater, and separation of azeotropic or close boiling-
point organic–organic mixtures in biorenery, petrochemical,
and pharmaceutical industries.213–215 To achieve good perme-
ability and selectivity, the ideal membrane for pervaporation
must have strong chemical and thermal stability to survive in
harsh environments.

Both single- and dual-layer PBI HFMs have been fabricated
for pervaporation dehydration of organic solvents, such as
ethylene glycol, acetone, ethyl acetate, phenol, alcohol, as well
as organic–organic separation. Water can preferentially
permeate across PBI membranes because it has a stronger
affinity with PBI molecules and a smaller molecular size than
most organic solvents. Wang et al. prepared single-layer PBI
HFMs for the dehydration of ethylene glycol which showed
much better separation performance in both permeance and
separation factor than the PBI at-sheet membranes.106

However, the single-layer PBI HFMs had very low tensile prop-
erties and were too fragile to fabricate modules. Kung et al.
fabricated blended PBI/Matrimid single-layer asymmetric
This journal is © The Royal Society of Chemistry 2022
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Table 5 PBI hollow fiber membranes for the dehydration of organic solvents and separation of solvent mixturesa

PBI hollow ber membrane Feed composition (wt%)
T
(�C)

Flux
(g m�2 h�1) Separation factor Ref.

m-PBI single-layer Ethylene glycol/water (50/50) 60 1147 116 (water/EG) Wang et al. 2010 (ref. 106)
m-PBI/P84 dual-layer TFP/water (85/15) 60 332 1990 (water/TFP) Wang et al. 2007 (ref. 141)
m-PBI/PEI dual layer thermally
treated at 75 �C

Ethylene glycol/water (64/36) 60 186 4524 (water/EG) Wang et al. 2010 (ref. 106)

m-PBI/PEI dual layer thermally
treated at 75 �C

Ethylene glycol/water (80/20) 60 115 1763 (water/EG) Wang et al. 2011 (ref. 149)

m-PBI/P84 dual-layer crosslinked
by DCX and thermally treated
at 250 �C

Acetone/water (85/15) 50 300 490 (water/acetone) Shi et al. 2012 (ref. 142)

m-PBI single-layer crosslinked
by DCX and thermal treated
at 75 �C

Phenol/water (70/30) 60 196 722 (water/phenol) Wang et al. 2014 (ref. 150)

m-PBI/PEI dual layer crosslinked
by DCX

Ethyl acetate/water (98/2) 60 820 2478 (water/ethyl acetate) Wang et al. 2015 (ref. 216)

m-PBI/Matrimid blend single-layer Toluene/iso-octane (50/50) 60 1350 200 (toluene/iso-octane) Kung et al. 2010 (ref. 158)

a DCX ¼ p-xylene dichloride; P84 ¼ BTDA-TDI/MDI co-polyimide; PEI ¼ polyetherimide; TFP ¼ tetrauoropropanol.
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HFMs for toluene/iso-octane separation by pervaporation.158 The
best performance was achieved with a ux of 1350 g m�2 h�1 and
a separation factor of 200 using a toluene/iso-octane (50/50 wt%)
mixture as the feed at a downstream pressure of 10 mbar.

To further improve the mechanical properties and separa-
tion performance of PBI HFMs, dual-layer PBI HFMs were made
with the aid of co-extrusion spinning. P84 and PEI were chosen
because they have excellent anti-swelling properties and good
compatibility with PBI. The PBI/P84 dual-layer HFMs were
fabricated for the dehydration of tetrauoropropanol (TFP)141

and acetone142 using DCX cross-linked P84 as the porous
substrate. Wang et al. used PEI as the inner support layer for
ethylene glycol dehydration,106,149 and achieved far better
performance than most other polymeric membranes with
a separation factor up to 4524 and a ux of 186 g m�2 h�1. The
PBI/PEI dual-layer HFMs were used for the dehydration of ethyl
acetate and phenol. No delamination was observed at the
interface between the two layers, indicating a good adhesion
due to the miscibility of PBI and PEI.150,216 Comparing with
single-layer PBI HFMs, dual-layer PBI HFMs showed higher
mechanical strength and exibility. The dual-layer co-extrusion
technology could also reduce the PBI material cost and enhance
the overall separation performance. Therefore, there is great
prospect in developing PBI dual-layer HFMs for pervaporation
separations by using other robust but low-cost materials as
substrates. A performance summary of PBI HFMs for the
dehydration of organic solvents and separation of solvent
mixtures is listed in Table 5. Clearly, the inherently rigid
structure, high hydrophilicity and good spinnability make PBI
a promising membrane material for pervaporation
applications.
4.5 Gas separation for H2/CO2 separation at elevated
temperatures

Polymeric membranes for conventional gas separations such as
H2/N2, H2/CO2, O2/N2 and CO2/CH4 separations at or near
This journal is © The Royal Society of Chemistry 2022
ambient temperatures are well established.33–35,217–220

Comparing with traditional gas separation technologies, such
as solvent scrubbing, fractional/cryogenic distillation, liquid
absorption, and pressure swing adsorption (PSA), membrane
separation offers the advantages of high energy efficiency, small
footprint, easy scale up, cost competitiveness and environ-
mental friendliness. The demand for H2 as an energy carrier for
power generation is growing rapidly due to the global warming
and climate changes. However pure hydrogen is not naturally
available and must be produced from other sources.221–224

Currently, methane steam reforming is the dominant route for
large-scale hydrogen production because of the availability of
natural gas. Through this process, synthesis gas (i.e., syngas)
which consists of H2, CO, and unwanted CO2 and H2S, is
produced from the reactions between methane and steam. The
removal of CO2 and H2S from H2 or their sequestration is crit-
ical for hydrogen to be a sustainable energy source. However,
the presence of CO2 and H2S in the syngas stream at high
temperatures makes the purication and separation technically
and economically challenging. Although inorganic hydrogen-
permeable membranes made of palladium and palladium
alloys as well as ceramics have an impressively high selectivity
for H2 separation and can be operated at high tempera-
tures,225,226 they have the drawbacks of high costs and long-term
stability issues such as embrittlement by hydrogen and perfor-
mance deterioration due to the attack from sulfuric
compounds.

Since polymeric membranes are relatively inexpensive,
resistant to sulfur compounds, and can be easily fabricated into
large-scale, defect-free membranes and modules, they may be
particularly suitable for H2 purication if the combustion
turbines for power generation do not require high-purity H2.97

Unfortunately, most commercially available polymeric mate-
rials cannot withstand the high temperature of syngas exiting
from the steam-reforming and water–gas shi reactions. The
desirable polymeric membranes for syngas separation must be
J. Mater. Chem. A, 2022, 10, 8687–8718 | 8707
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mechanically, chemically, and thermally stable at high
temperature and pressures.

Since H2 has a smaller kinetic diameter than CO2 (2.89 vs. 3.3
Å), the former has higher diffusivity than the latter. To design
a membrane with high H2/CO2 selectivity, one must choose the
polymers and operation conditions that (1) increase the diffu-
sivity selectivity (favoring the H2 permeate due to the size-
sieving effect) and (2) suppress the solubility selectivity
(favoring the condensable CO2) as the governing factors for the
entire gas transport.73,168,227,228 In other words, the higher H2/CO2

selectivity arises from the combined effects: (1) H2 shows higher
diffusivity increase with temperature than CO2 and (2) CO2 has
lower solubility at higher temperatures. Owing to the relatively
rigid polymer chains, small free volume fraction and high Tg,
PBI is one of the unique materials that has the above charac-
teristics for effective H2/CO2 separation.

Although PBI has an extremely low ux for H2 and CO2 at
room temperature, its rigid structure and high Tg offer the
needed diffusivity-based selectivity at temperatures above
150 �C.229 As the temperature increases, its H2 permeance
increases faster than CO2 permeance, thereby increasing the
H2/CO2 selectivity. The highly rigid PBI polymer chains also
provide good resistance against CO2- and SO2-induced plasti-
cization.230,231 Table 6 summarizes the detailed H2/CO2 separa-
tion performance of recently developed PBI
Fig. 18 The mechanism of crosslinking reaction between tert-butyl-PB

This journal is © The Royal Society of Chemistry 2022
HFMs.81,82,109,132,167,168,232–237 Key achievements and major break-
throughs are highlighted as follows.

Kumbharkar et al. fabricatedm-PBI HFMs using DMAc/water
as a bore uid and water as an external coagulant and then
coated them with 6F–PBI to seal the defects for H2/CO2 sepa-
ration at 100–400 �C.81 It was found that the bore uid chemistry
played an important role in determining membrane
morphology, gas separation performance and mechanical
strength. The resultant HFMs had a H2 permeability of 2.6 GPU
and a H2/CO2 selectivity of about 27 at 400 �C. Kumbharkar and
Li also synthesized tert-butyl-PBI and fabricated it as asym-
metric PBI HFMs using a dry-jet wet spinning approach.232 The
HFMs were crosslinked by 1,4-dibromobutane (DBB) and then
dip coated with silicone rubber to seal the surface defects.
Fig. 18 illustrates the crosslinking scheme between tert-butyl-
PBI and DBB. The tert-butyl group substitution disrupted the
PBI molecular chains and increased the FFV. Thus, the
modied-PBI HFM membranes exhibited good separation
performance for gas pairs such as CO2/N2, O2/N2 and H2/N2. For
H2/CO2 separation, they had a higher H2 permeance of 12.97
GPU but a lower H2/CO2 selectivity of 3.16 at 20 �C.

Berchtold et al. fabricated a PBI-stainless steel composite
membrane by depositing a thin m-PBI layer through a proprie-
tary process on the outer surface of a porous stainless-steel
support consisting of an intermediate zirconia layer.233 The
I and DBB.232

J. Mater. Chem. A, 2022, 10, 8687–8718 | 8709
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PBI membrane module was tested for H2/CO2 separation from
150 to 250 �C in simulated dry syngas. It had a H2 permeance
and H2/CO2 selectivity of 7 GPU and 47 respectively at 250 �C,
surpassing the 2008 Robeson's upper bound for H2/CO2 sepa-
ration. Moreover, even in the presence of H2S, the PBI
composite membrane showed long-term stability without any
performance degradation.

As mentioned in Section 3.2, both Dahe et al.132 and Singh
et al.82 investigated the effect of coagulant chemistry on the
removal of macrovoids from PBI HFM morphology. Today, the
technologies to develop PBI HFMs with a highly interconnected
and thermo-mechanically porous sub-layer have been
Fig. 19 Typical morphology of polybenzimidazole hollow fiber memb
copyright 2014, Elsevier.

8710 | J. Mater. Chem. A, 2022, 10, 8687–8718
established for H2/CO2 separations. Fig. 19 shows their typical
morphology. Aer being annealed at 375 �C and coated with
a 6F-PBI sealing layer, the resultant PBI HFMs showed
commercially competitive permselectivity characteristics. They
had a H2 permeance of 200–400 GPU and a high ideal H2/CO2

selectivity of >20 at 250 to 350 �C.
In terms of PBI composite HFMs, Sánchez-Láınez prepared

composite PBI/P84 HFMs by coating a thin PBI selective layer on
a P84 HFM support using an m-PBI solution containing NaOH
and ethanol.234 Aer the silicone rubber coating, the PBI/P84
hollow bers showed a H2 permeance over 39 GPU with a H2/
CO2 selectivity of 20.2 using a mixed H2/CO2 gas of 50 : 50 v/v as
ranes for gas separation. Reproduced with permission from ref. 109,

This journal is © The Royal Society of Chemistry 2022
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the feed at 7 bar and 180 �C. Naderi et al. fabricated dual-layer
HFMs consisting of an outer-selective layer made of a PBI and
sPPSU blend and a polysulfone inner-layer substrate.235 sPPSU
was chosen as an ionic-crosslinker so that the DBXmodied PBI
had a higher permeability than the pristine PBI. The resultant
HFMs had a H2 permeance of 16.7 GPU and an H2/CO2 selec-
tivity of 9.7 at 90 �C and 14 bar.

PBI HFMs spun from MMMs were also developed using ZIFs
as nanollers. Yang et al. fabricated PBI/Matrimid dual-layer
HFMs by incorporating ZIF-8 nanoparticles in the PBI selec-
tive layer.167 The dual-layer HFMs were defect-free, without post-
annealing and coating, but by optimizing ZIF-8 nanoparticle
loadings, spinning conditions, and solvent-exchange proce-
dures. When being tested at 180 �C using a H2/CO2 gas mixture
(50 : 50 v/v) as the feed at 7 bar, two types of PBI HFMs were
developed for hydrogen purication at high temperatures: (1)
the HFMs containing 10 wt% ZIF-8 had a medium H2 per-
meance of 64.5 GPU and a high selectivity of 12.3 and (2) the
HFMs containing 33 wt% ZIF-8 had a high H2 permeance of 202
GPU and a medium selectivity of 7.7. Moreover, the presence of
CO and water vapor in the feed stream had no signicant effects
Fig. 20 Spinning process developed to make hollow fibers with a palladiu
showing the orifice used for each solution and the two precipitation pro
PdNP hollow fiber before (left) and after (right) the reduction step to con
copyright 2018, John Wiley & Sons. Permission conveyed through Copy

This journal is © The Royal Society of Chemistry 2022
on membrane performance. Etxeberria-Benavides et al. fabri-
cated defect-free PBI/ZIF-8 MMM HFMs comprising a thin
dense layer of 300 nm by dispersing 10 wt% ZIF-8 into the PBI
polymer matrix.168 Comparing with pure PBI HFMs, the PBI
MMM HFMs showed great increase in H2 permeance from 65
GPU to 107 GPU at 150 �C and 7 bar, while the ideal H2/CO2

selectivity remained constant at 16.1. However, they found that
the incorporation of ZIF-8 into the PBI polymer matrix could
strongly inuence gas transport, specically in mixed gas tests.
The enhanced H2/CO2 separation was compromised at high
pressures of 30 bar owing to the strong CO2 adsorption in the
nanocavities of ZIF-8 that would suppress the H2 transport.

With the aid of palladium nanoparticles (PdNPs), Villalobos
et al. fabricated defect-free PBI/PdNP HFMs consisting of a thin
dense skin layer lled with PdNPs by combining the complex-
ation induced phase separation (CIPS) and NIPS processes,236 as
shown in Fig. 20. Palladium was added into the membrane in
the form of ions to coordinate with the imidazole groups of PBI
and minimize its agglomeration. The PBI/PdNP composite
HFMs not only showed higher permeance than the pristine PBI
membranes but also maintained the stability of Pd
m-rich selective dense layer. (a) Diagram of the triple-orifice spinneret
cesses that take place (i.e., CIPS and NIPS); (b) photograph of the PBI/
vert the Pd ions to PdNPs. Reproduced with permission from ref. 236,
right Clearance Center, Inc.

J. Mater. Chem. A, 2022, 10, 8687–8718 | 8711
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nanoparticles due to the synergistic effects between PdNPs and
the PBI matrix. The resultant PBI/PdNP HFMs made from
a Pd(OAc)2 concentration of 50 � 10�5 mol L�1 had a H2 per-
meance and H2/CO2 selectivity of 80 GPU and 10 at 60 �C,
respectively. As shown in Fig. 21, the performance of PBI hollow
ber membranes for H2/CO2 separation has gradually sur-
passed the upper bound of 2008 Robeson's curves.65,238

Other efforts have been made to (1) blend PBI with ther-
mosets in order to improve the thermal stability,239 (2) embed
soluble organic macrocyclic cavitands (sulfocalixarenes, SCA) to
form homogeneous PBI nanocomposite membranes with
distinctly molecular-sieving nanocavities,164,240 (3) grow a selec-
tive MOF layer on the PBI HFM surface,241 (4) dope PBI
membranes with a polyprotic acid to improve H2/CO2 diffusivity
selectivity,40 (5) apply Pd alloy (PdAg and PdNi) nanowires in PBI
mixed matrix membranes to increase hydrogen diffusivity and
reduce Pd embrittlement and susceptibility to poisoning,242 (6)
control the degree of N-quaternization on PBI based polymeric
ionic liquids (PILs) to improve CO2 sorption and gas perme-
ation,243 and (7) carbonize PBI as a carbon molecular sieve
(CMS) with greatly enhanced H2/CO2, O2/N2 size-sieving
ability.244,245 These schemes may potentially enhance the sepa-
ration performance of PBI-based HFMs if one can successfully
and economically convert them from at-sheet congurations
to hollow bers. Future studies should also be focused on their
scalability, long-term performance, and techno-economic
analyses for H2/CO2 separation at high temperatures.

5. Challenges and perspectives

As one of the engineering thermoplastics invented in the early
1960s, it took a much rougher pathway and a longer time for
fully aromatic PBIs to reach market maturity and global atten-
tion compared to nylon or Teon. Its unique characteristics
Fig. 21 Robeson's plot comparing the PBI hollow fiber membranes for
H2/CO2 separation. The line represents the 2008 Robeson's upper
bound.65,238

8712 | J. Mater. Chem. A, 2022, 10, 8687–8718
such as extremely high temperature stability, oxidative resis-
tance, chemical stability, and durability were too good to be
used as an engineering polymer cost-effectively in the early days
except in niche applications for aerospace, NASA mission and
other harsh operation conditions. However, the deterioration of
earth environments, water scarcity and pollution, and the
demand for H2 as an energy carrier for power generation have
revitalized its importance. Today, PBI-based hollow ber
membranes have been found to have great potential and
performance superiority in the elds of wastewater reuse and
reclamation, organic solvent recovery, and efficient H2 and CO2

separation for hydrogen production and CO2 capture. However,
it is still a challenging research eld in materials and process-
ing, and the challenges are summarized as follows:

� Although advances in the fundamentals of single-layer
hollow ber formation and the state-of-the-art macrovoid-free
PBI HFMs with an ultrathin dense-selective layer have been
established, they are only applicable for the use of m-PBI (i.e.,
commercially available Celazole® PBI). Since the optimal
composition of the PBI-based dense-selective layer is still under
extensive studies, it could be still a challenging task to design
a defect-free integrally skinned asymmetric PBI HFM consisting
of a tailored morphology and a tuneable dense-selective layer
spun from MMMs or nanocomposite materials.

� The dual-layer co-extrusion technology should receive more
attention in future R&D because it has the advantages of
signicantly reducing material costs and substructure resis-
tance as well as enhancing the membrane's mechanical
strength if a low-cost but robust material is employed as the
support layer. So far, dual-layer PBI HFMs have demonstrated
superior performance to single-layer ones in OSN and perva-
poration as well as common gas separations at ambient
temperature. Their applicability to H2/CO2 separation at high
temperatures is a challenging task for further studies.

� The scalability, long-term performance, and techno-
economic analyses of the aforementioned PBI HFMs must be
conducted for actual industrial applications. This is especially
imperative for H2/CO2 separation because (1) the methane
steam reforming process produces syngas comprising multiple
complicated components at high temperatures, and (2) the
newly developed H2-selective PBI-based HFMs have to survive in
these harsh environments for a long period of operation time.

� To facilitate the commercialization of H2-selective PBI-
based HFMs for high-temperature applications, the highly
permeable material 6F–PBI or PBI–HFA must be commercially
available. Thus, similar to the use of silicone rubber materials to
seal defects of conventional HFMs for O2/N2 and CO4/CH4

separations, a facile and cost-effective sealing procedure can be
adopted for each PBI-based HFM for hydrogen recovery at high
temperatures.

Molecular modelling and simulation have played an impor-
tant role in advancing the fundamental understanding of
membrane formation, material design and selection, and
various separation mechanisms across membranes.246–249 So far,
the architecture designs of PBIs, PBI/nanocomposite materials
and MMMs, and their membrane formation have not been
exclusively examined at a molecular level. It is envisioned that
This journal is © The Royal Society of Chemistry 2022
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the combination of material simulation and advanced experi-
ments may help build the relationships among polymer
formulation, processing parameters, structural and mechanical
analyses and separation performance that facilitate the devel-
opment of next generation PBI-based membranes with precise
separation. Given the unique and superior properties of PBI
membranes, new demands for other separation methods may
emerge for applications in the chemical, petrochemical, food,
and pharmaceutical industries.
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