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Abstract: The aggravation of environmental problems such as water scarcity and air pollution has
called upon the need for a sustainable solution globally. Membrane technology, owing to its sim-
plicity, sustainability, and cost-effectiveness, has emerged as one of the favorable technologies for
water and air purification. Among all of the membrane configurations, hollow fiber membranes
hold promise due to their outstanding packing density and ease of module assembly. Herein, this
review systematically outlines the fundamentals of hollow fiber membranes, which comprise the
structural analyses and phase inversion mechanism. Furthermore, illustrations of the latest ad-
vances in the fabrication of organic, inorganic, and composite hollow fiber membranes are pre-
sented. Key findings on the utilization of hollow fiber membranes in microfiltration (MF), nanofil-
tration (NF), reverse osmosis (RO), forward osmosis (FO), pervaporation, gas and vapor separation,
membrane distillation, and membrane contactor are also reported. Moreover, the applications in
nuclear waste treatment and biomedical fields such as hemodialysis and drug delivery are empha-
sized. Subsequently, the emerging R&D areas, precisely on green fabrication and modification tech-
niques as well as sustainable materials for hollow fiber membranes, are highlighted. Last but not
least, this review offers invigorating perspectives on the future directions for the design of next-
generation hollow fiber membranes for various applications. As such, the comprehensive and crit-
ical insights gained in this review are anticipated to provide a new research doorway to stimulate
the future development and optimization of hollow fiber membranes.

Keywords: hollow fiber membranes; organic polymer; inorganic materials; gas separation; liquid
separation

1. Introduction

Global water and air pollution are on the rising trend due to the rapid growth of
industry sectors. Industrial discharges and effluents account for approximately 70% of
total environmental pollution [1]. With increasing environmental awareness and energy
conservation, treatment of wastewater and exhaust gases from the industrial process is
necessary [2]. Conventional gas separation technologies such as cryogenic distillation,
pressure swing adsorption and activated sludge systems have been established to purify
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gases and wastewater, respectively [3-5]. These conventional methods are energy-inten-
sive as they account for 10-15% of the world’s energy consumption [6]. Therefore, devel-
oping effective and clean technology is important to enhance the efficiency of energy pro-
duction and energy storage for power generation. Membrane separation has emerged as
one of the promising technologies for water and air purification because of its low capital
cost, simple operation, small footprint, and low energy consumption [7].

Selecting a suitable membrane module is the key to its application. Tubular, capillary
fiber, plate-and-frame and spiral wounds are the main configurations used in industrial
applications. The plate-and-frame module consists of flat sheet membranes which are held
together by frame-like supports [8]. It has a very low packing density with a typical spe-
cific surface area in the range of 100-400 m?/m? [9]. Meanwhile, spiral wounds, which are
made from layers of flat sheet membranes, have a better packing density of 300-1000
m?/m3. However, this module relies on feed spacers to promote turbulence within the feed
channels to reduce the pressure drops in the system [10]. Notably, the capillary fiber mod-
ule comprises a large number of hollow fibers which are suitable for various separations
[11]. This module offers an excellent packing density of up to 9000 m?/m3, owing to the
high surface-to-volume ratio of the hollow fiber. Not only that, the self-mechanical sup-
port property of hollow fiber membrane with high flexibility provides the ease of module
fabrication and assembly [12].

Figure 1 illustrates the milestone development of the hollow fiber membranes. The
history of hollow fiber membranes was traced back to the 1960s, when the first hollow
fiber membrane was developed for the reverse osmosis (RO) process [13]. The first patent
on polymeric hollow fiber membrane was known from Mahon [14]. In late 1969, Du Pont
commercialized its aramid-based hollow fiber device for water desalination [15]. Then, it
was closely followed by Dow Chemical Co. and Toyobo Co. Ltd. (Japan), who developed
a cellulose triacetate polymer [16,17]. In the 1970s, hollow fiber membranes had been in-
vestigated for various applications like gas separation, water treatment and the medical
field. In 1971, the Monsanto PRISM™ system attained momentous breakthroughs in gas
separation with its dual-layer polysulfone hollow fiber, which consisted of a relatively
dense skin on the exterior surface [15]. In the following year, more patents were identified
with the incorporation of thin, non-selective and highly permeable film on the fibers’ sur-
face [18-20]. In 1979, for the first time, Waterland et al. developed an anti-fouling mem-
brane by embedding enzymes into pores of hollow fiber membranes [21]. From the 1980s
to the 1990s, hollow fiber membrane has been slowly commercialized in biofuel, chemical,
medical, petroleum and other fields [22]. For instance, PRISM™ hollow fiber module was
used in an ammonia plant for 600 tons/day production.
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Figure 1. Milestone of hollow fiber membranes development.

A number of articles on hollow fiber membranes have been published from the year
2000 onward. Figure 2 shows the number of papers established during the past 20 years,
where an increasing number of hollow fiber membrane papers has been reported from
academic and industrial communities associated with water quality, energy, environment
and health sciences [23]. In water separation, the applications of hollow fiber membranes
include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), RO, forward osmo-
sis (FO), membrane contactors, pervaporation and membrane distillation. Non-solvent in-
duced phase separation (NIPS), thermally induced phase separation (TIPS) and diffusion-
induced phase separation (DIPS) are the most common fabrication methods for porous
hollow fiber support [24-26]. A composite membrane is formed by coating the dense and
selective layer onto the porous support [27]. It can be fabricated through dual-layer spin-
ning [28,29], interfacial polymerization [30], dip-coating [31] and plasma polymerization
[32]. Mixed matrix hollow fiber membranes are another type of membrane that has been
widely applied for gas purification, owing to the unique features given by combining po-
rous polymer and inorganic fillers [23]. Incorporating nanostructure fillers into hollow
fiber membranes provides excellent gas separation performance. Hollow fiber mem-
branes have been widely used in hydrogen purification, natural gas sweetening, carbon
capture and storage, and landfill gas upgrading [33-38]. Recently, green and sustainable
approaches for hollow fiber preparation techniques have been developed to minimize
chemical or solvent and energy usage [39]. The methods being reported are melt/solution
integrated homogeneous-reinforcement, melt spinning-stretching (MS-S) interfacial
phase separation and electrospinning methods [40—42]. These methods hold great promise
for an environment-friendly fabrication.

However, hollow fiber membranes exhibited some limitations in both gas and liquid
separation. For gas separation, most polymeric membranes face a trade-off between per-
meability and selectivity [43]. This phenomenon is significantly related to the non-uniform
distribution of free-volume elements, which allows a wide range of gases to diffuse
through the membrane. Physical aging and plasticization are challenges encountered dur-
ing gas separation [44,45]. Physical aging is caused by the tightening of ultramicropores,
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which results in a rapid decrease in polymer free volume, thus causing poor separation
performances [46]. Upon plasticization, which is caused by highly condensable carbon
dioxide (COz) and heavy hydrocarbons, the polymer matrix becomes swollen, thus in-
creasing permeability which causes loss in selectivity [47]. Similarly, liquid separation
membranes are also confined by the trade-off effect between permeability and solute re-
jection. Apart from that, the membranes are hindered by membrane fouling, which is the
accumulation of particles, colloids, suspensions and microorganisms on or in the mem-
brane [48,49]. Hollow-fiber unit is prone to fouling and plugging by particulate matter
due to a relatively low free space between fibers as well as the small inside diameters
[13,17]. Consequently, the separation performance and lifespan of the membranes are ad-
versely affected, and additional costs may be imposed for membrane cleaning [50].
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Figure 2. A number of publications in Scopus with the terms “hollow fiber membrane for water
separation” and “hollow fiber membrane for gas separation” (accessed on 22 March 2022).
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To tackle the aforementioned problems, researchers have synthesized hollow fiber
membranes from two broad classes of materials, namely organic and inorganic materials.
Various modification strategies, namely interfacial polymerization, dip-coating, etc., have
been developed and optimized throughout the years. In the past decade, there have been
several reviews on hollow fiber membranes published from the aspect of a specific appli-
cation, for instance, gas separation [27,51-53], pervaporation [52], NF [54,55], RO [55] and
wastewater treatment [56]. In addition, Ahmad et al. investigated the influence of fabrica-
tion parameters on the morphology and performance of hollow fiber membranes [57],
while Huang et al. summarized sustainable and green fabrication methods of hollow fiber
membranes [39]. Other than Dashti and Asghari’s work on ceramic hollow fiber mem-
branes [58], most of the aforementioned hollow fiber membrane reviews only covered
polymeric membranes. To the best of our knowledge, only two publications covering both
liquid and gas separation applications of hollow fiber membranes were published 10 years
ago [11,59].

Our previous work reviewed polymeric hollow fiber membranes for gas application,
water vapor separation and particulate matter removal [12]. This work will extend not
only the types of materials for hollow fiber membranes but also their respective applica-
tions. Figure 3 illustrates the main applications of hollow fiber membranes studied in this
review. The aims of this review are to: (1) provide updates on the recent developments
and fabrication methods of hollow fiber membranes; (2) summarize the state-of-the-art
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hollow fiber membranes in various fields such as liquid separation, gas and vapor sepa-
ration, pervaporation, membrane distillation, and membrane contactor and (3) provide
insights and recommendations on green technologies to accomplish fruitful advancement
of hollow fiber membranes.

Figure 3. The applications of hollow fiber membranes.

2. Fundamental Aspects of Hollow Fiber Membranes
2.1. Structural Analyses on Hollow Fiber Membrane

A hollow fiber membrane is a tube-like membrane consisting of an ultrathin dense
selective layer supported on the outer layer of a highly porous substrate. The substrate
acts as a mechanical support, while the dense layer acts as a selective layer. The thickness
of a hollow fiber membrane ranges between 0.1-0.4 mm, with an inner diameter of <1 mm
[60]. As a promising candidate in industrial practice, hollow fiber membranes offer vast
advantages such as self-supporting characteristics, large surface area and high packing
density [61,62]. For instance, a hollow fiber module of 20 cm x 1 m is able to purvey a
membrane area of ~300 m? with fibers of 100 um diameter, while a spiral wound module
gives only 20-40 m?2 membrane area with an equivalent dimension [63].

The development of high-performance hollow fiber membranes with ideal structural
properties is indispensable. Generally, hollow fiber membranes are prepared following
these five steps: (1) formulate the dope solution, (2) extrusion of dope solution through
spinneret, (3) coagulation of fiber after passing through a certain air gap via phase inver-
sion, (4) collection, washing and drying of as-spun fibers, and (5) post-treatment (if re-
quired). The phase inversion process has been widely applied during the fabrication of
hollow fiber membranes owing to its scalability and simplicity for large-scale production
[63]. Phase inversion is introduced via several factors, where NIPS and TIPS are the most
common ones. Phase separation in NIPS and TIPS is induced by composition changes
after the introduction of nonsolvent and temperature changes, respectively. TIPS has been
widely used to prepare membranes from semicrystalline polymers [64]. Detailed discus-
sions on these phase separation processes are available in Section 2.2.
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There are a number of factors that are intrinsically intertwined which affect the struc-
tural morphology and separation performance of the resultant membrane during the fab-
rication of hollow fiber membranes. These include the (1) selection of spinning techniques,
(2) formulation of dope solution, (3) design of spinneret, and (4) proper tuning of spinning
parameters [65]. The individual effects of all these factors/parameters require critical ex-
perimental analysis. For instance, the critical concentration of a polymer/solvent system
can be pre-determined via the correlation of polymer concentration and shear viscosity
[11,66]. A dope solution with a low concentration reduces the degree of polymer chain
entanglement during the phase inversion process, thus leading to a higher porosity mem-
brane but with low selectivity [67]. Meanwhile, an increase in take-up speed during hol-
low fiber spinning increases the selectivity due to a reduction in the duration of phase
inversion [68,69]. It leads to a greater molecular orientation and chain packing within the
fiber due to the gravitational and elongational forces, subsequently reducing the overall
diameter and thickness of the as-spun fiber [57]. Despite the vast variables, the hollow
fiber membrane is prepared with a single, dual or triple nozzle configuration spinneret. A
comprehensive analysis of hollow fiber spinning techniques, spinning parameters, spin-
ning effects, and spinneret design has been reported elsewhere [12].

Single-layer hollow fiber membranes such as polymeric-based, perovskite-based,
carbon molecular sieve (CMS) and thermally rearranged (TR) hollow fiber membranes are
made from the same material. On the other hand, a hollow fiber membrane that is com-
posed of two or more layers with distinctive roles prepared via dual or triple nozzle spin-
neret, dip coating, interfacial polymerization and deposition is referred to as a composite
membrane. Common examples of composite membranes are dual-layer and thin film
composite (TFC) hollow fiber membranes. Figure 4 shows the configuration and morphol-
ogies of (a) integrally asymmetric and (b) composite hollow fiber membranes.
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Figure 4. Schematic and cross section morphologies of (a) integrally asymmetric, (b) TFC, and (c)
fillers-incorporated composite hollow fibers. Reprinted/adapted with permission from Ref. [66, 70,
71]. Copyright 2018 and 2021, Royal Society of Chemistry, Elsevier and SpringerLink.

2.2. Phase Inversion Mechanism during Hollow Fiber Formation

Among all the membrane fabrication methods, phase inversion is the major and sub-
stantial technique to synthesize most commercial membranes [72]. Compared to the com-
mon flat-sheet membranes, the phase inversion process for hollow fiber membranes is
distinct from the aspect of dope formulation and coagulant usage [11]. For hollow fiber
membranes, the spinning process necessitates a higher polymer dope concentration, and
they require an internal coagulant that determines the inner skin structure and an external
coagulant that influences the outer skin morphology. In order to understand the essence
of membrane formation, this section delineates the fundamentals of phase inversion.
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Phase inversion is defined as the transformation of a polymer from a liquid to a solid state
in a controlled approach [65]. During this process, a thermodynamically stable polymer
solution is converted into a polymer-rich phase and a polymer-lean phase to lower the
Gibbs free energy of mixing, AGm of the system, which is determined by the Flory-Hug-
gins theory. The polymer-rich phase primarily forms the membrane matrix, while the
membrane pores are formed by the polymer-lean phase, leading to a phenomenon known
as liquid-liquid demixing.

Generally, the phase inversion process is explained using a ternary phase diagram
(Figure 5). The ternary phase diagram was first proposed by Tompa [73] in the 1950s and
later applied by Strathmann et al. [74] and Michaels [75]. Located at the corners of the
triangle are the pure components in the system (polymer, solvent, and nonsolvent), and
any point which lies in the triangle consists of all three components. The crucial elements
in this diagram are the binodal and spinodal curves, tie-line, critical point, and metastable
region [11,76]. The spinodal curve delimits the unstable region of the miscibility gap,
whereas the tie-line connects two points that are in thermodynamic equilibrium on the
binodal. The intersection between the binodal and spinodal curves is called the critical
point. Moreover, the area between the binodal and the spinodal curve is named the met-
astable region, where the polymer solution is thermodynamically unstable, but it does not
precipitate.

Notably, the two factors that influence the phase transition are the thermodynamic
equilibrium of a ternary system (polymer/solvent/nonsolvent) and the kinetic factor,
which includes mass transfer between all the components during precipitation [77]. The
concept of phase inversion can be applied in various methods, for instance, immersion
precipitation, evaporation-induced phase separation, vapor-induced phase separation,
and thermally induced phase separation. Each of the methods will be discussed thor-
oughly in the following sections.

Polymer

Binodal curve

.\ Spinodal curve
Metastable .-

region -~
5
o

Polymersiéh

phases”
7’
JA Unstable

region

Polymer-lean
hase region

Solvent Non-solvent

Figure 5. Typical ternary phase diagram of a polymer-solvent-non-solvent system. Re-
printed/adapted with permission from Ref. [11]. Copyright 2012, Elsevier.

3. Types of Hollow Fiber and Their Preparation Route

Membranes can be categorized according to the nature of the material used for their
fabrication, characteristics, applications, and reaction mechanisms. Based on the types of
material used, membranes are classified into organic (e.g., polymeric and conducting pol-
ymer) and inorganic (e.g., metallic, ceramic, etc.) membranes. Organic-based polymeric
membranes possess good chemical and mechanical properties. On the contrary, inorganic
membranes consisting of oxides, metals, or elementary carbon have better stability in
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harsh conditions such as high pressure or temperature and are highly selective and per-
meable for specific molecules.

Figure 6 illustrates the conventional methods to fabricate hollow fibers, including dry
spinning, wet spinning, dry-jet-wet-spinning (also known as gel spinning), melt spinning,
and electrospinning. Spinneret is constructed in the tube-in-an-orifice structure to pro-
duce fibers with desirable dimensions. During spinning, bore fluid and polymer dope are
extruded from the spinneret and travel through an air gap before being subjected to a
coagulation bath for phase inversion. The presence of an air gap in the dry-jet-wet spin-
ning process allows the orientation and coalescence of polymers on the external surface
of fibers prior to gelation in the coagulation bath, while the lumen surface coagulates right
after extrusion from the spinneret (Figure 6a). High air gap distance will result in flow
instability, thus producing fiber with a non-uniform dimension. On the other hand, no air
gap is required for wet spinning (Figure 6b). Spinneret is submerged in the coagulation
bath, allowing instant entering of polymer dope after extrusion for immediate precipita-
tion and solidification of fibers. The as-spun fibers are then collected in a collecting drum
guided by a take-up unit. Subsequently, the fibers are subjected to solvent exchange be-
fore drying and post-treatment [9]. The washing protocol can be found elsewhere [12].
After washing, the fibers are dried and ready for post-treatment or further characteriza-
tion.
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Figure 6. The illustration of different hollow fiber spinning techniques including (a) dry-jet wet-
spinning, (b) wet spinning, (c) dry spinning, (d) melt spinning, and (e) electrospinning.

Dry spinning utilizes air or inert gas to evaporate the residual solvents present in the
polymer dope, allowing the formation of solid fiber directly after extrusion (Figure 6c).
The velocity of gas flow in the evaporating chamber will be the dominant factor affecting
the membrane morphology. Meanwhile, a melted polymer is used as the dope in melt
spinning, and fiber is formed upon exposure to quenching air (Figure 6d). For the spin-
ning techniques that involve the use of an air gap, the relative humidity in the air gap has
a pronounced effect on the membrane porosity. As the nascent hollow fiber is exposed to
a higher degree of humidity, the increased water content in the outer layer gives rise to a
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more porous structure which results in higher permeation rates [78,79]. The control of
relative humidity in the air gap thus represents a pragmatic tool to induce a porous outer
surface which may be of particular importance for the modification of surface properties
such as wettability. Likewise, electrospinning is an electrostatic fiber fabrication technique
that also utilizes melted polymer as polymer dope (Figure 6e). This technique produced
fibers on the nanoscale by extruding the charged dope under a high-voltage electric field.

3.1. Organic and Inorganic Materials-Derived Hollow Fiber Membranes

Organic materials are suitable candidates for hollow fiber membrane fabrication as
they are cheap, processable, and scalable. A surge of interest in developing polymeric hol-
low fiber membranes has been witnessed in the past few decades. Examples of polymers
reported include polysulfone (PSF) [80-83], polyethersulfone (PES) [84-87], cellulose ace-
tate [88-90], polyimide [91-94], polyetherimide [95-98], polycarbonate (PC) [99,100], pol-
yvinylidene fluoride (PVDF) [83,86,101-107], and polybenzimidazole (PBI) [108,109]. The
fabrication of polymeric hollow fiber membranes follows the common practice mentioned
previously, which often includes a post-treatment such as silicon rubber coating to seal
the defects on hollow fiber membranes for superior separation performance [110]. How-
ever, daunting challenges remain in polymeric-based membranes, including overcoming
the trade-off of permeability/selectivity, producing an ultrathin selective layer with max-
imum transport efficiency, and robustness under harsh operating conditions.

Electroconductive polymers, also known as conjugated polymers, consist of extraor-
dinary physical, chemical, and electrical properties due to the presence of delocalized m-
bond. These polymers include polypyrrole, polyaniline (PANI), polyacetylene, polythio-
phene, polyphenylene vinylene, polyp-phenylene, and their other derivatives [111].
Among these conductive polymers, PANI, polypyrrole, and substituted polythiophene
are highly stable even under long-term exposure to air [112-115].). These polymers carry
charge in the presence of potential, benefitting from the alternative double bond (e.g., m-
bond) and single bond (e.g., o-bond). Furthermore, the conductive polymers are easy to
be doped due to the presence of conjugated chain bonding [116]. As compared to conven-
tional polymers, these polymers possess the advantages of a small electronic bandgap
(e.g., 1-3.5 eV), easily modified by the charge transfer process, and having high electrical
conductivity [117]. Hence, conjugate polymers are widely found in many applications,
such as solar cells [118], fuels cells [119], gas sensing [120], and particularly the synthesis
9embranees [121,122]. Their fabrication in hollow fiber configuration remains challenging,
while only a handful of research was reported for liquid and gas applications that will be
covered in the later section.

Inorganic materials such as ceramic, metallic, and carbon derivatives have received
adequate attention as membrane materials due to their explicit mechanical and thermal
stabilities. Ceramic hollow fiber membranes are commonly fabricated from metal oxides,
such as alumina [123-125], perovskites [126-129], zeolites [130,131], kaolin [132], and non-
oxides, such as silicon carbide [133]. Correspondingly, ceramic membranes show out-
standing stability against extreme temperature, pH, and fouling conditions. Metallic hol-
low fiber membranes are recognized for their harsh thermal and mechanical properties,
for instance, stainless steel [134], and catalytic transition metals such as nickel [135] and
nickel-based alloy [136], which can be integrated into membrane reactor applications. Car-
bon-based materials are another important class of inorganic materials to be derived into
hollow fiber membranes with excellent size-sieving characteristics [137-145]. The types of
inorganic hollow fiber membranes and their preparation routes are summarized in Figure 7.
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Figure 7. The categorization and preparation routes of inorganic hollow fiber membranes.

The preparation of ceramic and metallic hollow fiber membranes follows the four
principal steps: (1) preparation of the spinning dope, (2) spinning of precursors, (3) phase
inversion, and (4) sintering [58]. Generally, the spinning dope is prepared by milling the
ceramic or metal powder into desired particle size, followed by the addition of solvent,
dispersant, polymer binders, and plasticizer. The particle size, shape of the precursor
powder, and dispersibility will affect the final membrane morphology and performance.
Correspondingly, the dispersant aids in breaking any soft agglomerates within particles
and enhances homogeneity [146]. The binder to plasticizer ratio is adjusted to improve the
flexibility of precursor dope that eases the fiber formation during the spinning process.
After degassing, the dope is spun, and the fiber is coagulated in non-solvents, often water,
for NIPS. Following that, the sintering step is essential to convert loose fine particles into
a coherent mass without melting to the point of liquefaction, resulting in the densification,
grain coarsening, and pores closing of the hollow fibers [147]. There are three main steps
in sintering, namely pre-sintering, thermolysis, and final sintering. For instance, the hol-
low fibers are sintered at 400-800 °C for 1-2 h to burn off the polymer binder via thermol-
ysis, then raised to the final sintering temperature of 1000-1400 °C for 1-8 h
[123,131,134,135]. Perovskite-based hollow fiber membranes are directly subjected to the
final sintering condition since they are synthesized without polymeric binders [126-129].

On the other hand, CMS hollow fiber membranes are prepared via a more complex
strategy. Pristine polymeric hollow fibers are prepared before pre-treatment, pyrolysis,
and followed post-treatment. Polymeric precursors shall possess dominant characteristics
such as flexible molecular arrangement and thermal resistance that favor tuning the mem-
brane morphology and optimizing the separation performance. Some polymer precursors
such as cellulose [137], PBI [144], polyimides [138-143], and polymers of intrinsic mi-
croporosity (PIMs) [148-150] are frequently used to prepare CMS hollow fiber mem-
branes. Following that, the polymeric hollow fibers were pretreated at 200-300 °C to sta-
bilize the cross-linked polymer chains to withstand the pyrolysis at around 500-1000 °C
[146]. The pyrolysis process is the key step in the preparation of CMS hollow fiber mem-
brane to activate sieving properties through carbonizing the membrane pore structure.
Moreover, the final pore size of CMS hollow fiber membranes can be increased and re-
duced through post-oxidation [151,152] and post-pyrolysis [140,141,153], respectively.

3.2. Composite Hollow Fiber Membranes
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There are several composite hollow fiber membranes, including dual-layer, TFC, thin
film nanocomposite (TFN), polymer blends, and mixed matrix prepared via the incorpo-
ration of various distinctive materials. Figure 8 summarizes the preparation routes of
these composite hollow fiber membranes.
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Figure 8. Various composite hollow fiber membranes fabrication techniques, including (a) co-extru-
sion, (b) interfacial polymerization, and (c) different solution coating methods.

Dual-layer hollow fiber membranes are made up of a microporous supporting inner
layer with a dense-selective outer layer, or vice versa, prepared via direct spinning of two
polymer dope solutions. The support layer shall have a smooth surface and high porosity
to minimize the transport resistance as well as substructure resistance [7,154]. The bi-layer
structure in these membranes is simultaneously formed via the co-extrusion method using
a triple-orifice spinneret (Figure 8a) during the spinning process [7,27,51,155,156],
whereby the dual-layer interface should be carefully handled to avoid delamination.
Dual-layer hollow fiber membranes offer attractive advantages such as cost- and time-
effectiveness where cheap materials are used as a support layer and a small amount of
novel polymer as the selective layer prepared by a one-step co-extrusion process [12].

TFC membranes consist of a thin film of a selective layer loaded on top of a porous
substrate. The TFC membranes have a high mechanical stability and cost-effectiveness as
they require only a low amount of material as the dense selective layer of less than 100
nm, for instance, approximately 4 wt% [7]. TFC hollow fiber membranes are commonly
prepared via interfacial polymerization [157] and dip coating [34,158-162]. Interfacial
polymerization is performed by loading two immiscible solutions (e.g., aqueous and or-
ganic phases) on the inner or outer surface of the nascent hollow fiber (Figure 8b). The
amine groups from the aqueous phase will react with the acyl chloride group in the or-
ganic phase through nucleophilic substitution, thus forming an ultrathin polyamide se-
lective layer. To increase the flux of TFC membranes, they are post-treated with protic
acids such as concentrated formic acid, leading to the hydrolysis of the polyamide film
[163]. Another common post-treatment process is the curation of membranes in the oven
for a short duration [164,165]. Sun and Chung proposed a vacuum-assisted interfacial
polymerization where the vacuum was applied from the lumen side of the hollow fibers
before they were immersed in the organic phase solution to maintain the trans-membrane
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pressure [166]. Recently, a continuous outer-selective interfacial polymerization was de-
veloped to achieve performance controllability and mass production [167]. The setup
comprises an unwinder, tension meter, circular air knives, wetting unit (aqueous solu-
tion), reaction unit (organic solution), curing unit, and winder. At the end of all these in-
terfacial polymerization processes, the membranes are kept in deionized water before use.
These TFC membranes are widely utilized in various applications such as water treat-
ment, pervaporation, gas separation, and energy production [7,168]. Meanwhile, the dip
coating method is performed by immersing a nascent hollow fiber into a coating solution
to obtain a desired selective layer (Figure 8c). In addition, introducing a gutter layer be-
tween the hollow fiber substrate and selective layer is indeed beneficial for enhancing
their adhesion strength and minimizing solution intrusion [169]. Other solution coating
methods, such as continuous coating [70,170] and vacuum-assisted coating [171,172], have
also been reported (Figure 8c).

Apart from that, polymer blends are another form of composite membranes that com-
bine the synergistic properties of different materials within the matrix to achieve targeted
performance by overcoming the deficiencies of the individual components [173]. It has the
advantages of simplicity, reproducibility, and cost-effectiveness. The preparation route of
polymer blends starts with the selection of a proper parent polymer with desired physical
and chemical properties to complement another polymer. The composition of polymer
blends requires proper adjustment to form a miscible blend with desired characteristics,
followed by the spinning of the polymer dope with phase inversion [174-178].

In order to diversify the practical application of polymeric hollow fiber membranes,
nanofillers are frequently introduced into the polymer matrix to develop advanced hybrid
membrane systems with robust performance. Nanofillers can be introduced into hollow
fiber membranes by adding the fillers into spinning dope and extruded in a dual- or triple-
orifice spinneret [179-181] or by adding the fillers into the selective layer forming a thin
nanofillers-incorporated film on the surface or in the lumen side of the porous hollow
fiber support [182-185]. The composite membrane fabricated by the former strategy is
known as a mixed matrix hollow fiber membrane, while the latter is TFN hollow fiber
membrane. Correspondingly, various nanomaterials have been reported in composite
hollow fiber membranes, such as metal oxides [186-189], zeolites [190-192], silica [193—
195], metal organic frameworks (MOFs) [196-199], two-dimensional (2D) materials (e.g.,
graphene oxide (GO) and MXene) [200-204], and mixed nanofillers [205-207]. The incor-
poration of nanofillers alters the mobility of polymer chains, induces interfacial voids be-
tween the two phases, enhances sorption and affinity toward certain species, and hence
ameliorates membrane performance.

4. Applications of Hollow Fiber Membranes
4.1. Microfiltration (MF)

MF is a pressure-driven separation process via a semi-permeable membrane, where
the pore sizes can range from 0.1-1.0 pm. It is widely utilized to purify or separate mac-
romolecules and suspended particles from a liquid mixture [208]. MF separation process
is often employed for wastewater treatment [209,210] and the purification of process
streams for biotechnology purposes [211-213].

Aslan et al. synthesized a novel polyacrylonitrile nanofiber electrospun membrane
that demonstrated excellent water flux coupled with high turbidity, total organic carbon,
and UV2s4 removal efficiencies of 95%, 25%, and 45%, respectively [42]. In addition, zwit-
terionic poly(lysine methacrylamide) brushes were grafted onto PVDF MF membranes to
impart fouling resistance toward protein and oil emulsion in wastewater (Figure 9a,b)
[214]. Hernandez et al. utilized water-based green chemistry to hydrophilize PVDF mem-
branes using polyvinylpyrrolidone and persulfate, followed by functionalization with
poly(acrylic acid) and iron (Fe)/palladium (Pd) nanoparticles, preventing the leaching and
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aggregation of nanoparticles [215]. The modified membrane showed superior catalytic ac-
tivity in the reduction of trichloroethylene, which is a low biodegradability pollutant that
contaminates the soil and groundwater.
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Figure 9. Time-dependent relative flux during filtration of (a) BSA solution and (b) oil/water emul-
sion. Reprinted/adapted with permission from Ref. [214]. Copyright 2016, Elsevier. (c) Variation of
permeation flux with time during membrane filtration of oil/water emulsion using membrane re-
generation for three cycles via a backflushing of 0.1 wt.% NaOH aqueous solution. Re-
printed/adapted with permission from Ref. [216]. Copyright 2016, Elsevier.

On the other hand, hollow fiber membranes were also utilized in food industries,
such as the filtration of protein and wine. Schopf et al. compared the fractionation effi-
ciency of milk protein using hollow fiber membranes, ceramic tubular membranes, and
spiral wound membranes [217]. The developed hollow fiber membrane had a high mem-
brane packing density and low fouling tendency while maintaining excellent fractiona-
tion. To fractionate milk protein, the same research group discovered that the optimum
length for the PES membrane was 0.6 m to achieve the highest flux and whey protein
transmission [218]. Moreover, Giacobbo et al. made use of hollow fiber membranes to re-
cover antioxidant compounds, namely polyphenols and polysaccharides, from winery ef-
fluents [219]. Mondal and De developed a polyacrylonitrile (PAN) copolymer-based hol-
low fiber membrane that could achieve 80% purity of total polyphenol content and 75%
purity of epigallocatechin gallate in the permeate of green tea extract [220]. Furthermore,
optimal conditions were discovered using the relationship between transmembrane pres-
sure and Reynolds number to guarantee maximum throughput of the membrane.

Ceramic membranes have been employed in MF due to their high selectivity, excel-
lent thermal and mechanical stability as well as outstanding resistance to high oil concen-
tration and robust cleaning chemicals [221]. Aziz et al. developed a cost-effective hollow
fiber membrane from naturally occurring ball clay which demonstrated good mechanical
strength and water flux [222]. Apart from that, ceramic membranes demonstrated supe-
rior antifouling properties compared to polymeric membranes using three common types
of organic foulants that are humic acid, sodium alginate, and bovine serum albumin
(BSA), which is also proven by the Extended Derjaguin-Landau-Verwey-Overbeek
(XDLVO) theory [223]. In one study, composite ceramic membranes showed an enhance-
ment in separation performance via the enrichment of functionalities in the active layers
[224]. For example, silica nanoparticles were coated onto SisN4 hollow fiber membranes to
treat oily wastewater [225]. The resultant membrane rejected submicron contaminants ef-
fectively and mitigated membrane fouling. In addition, researchers added polyethylene
glycol (PEG) with different molecular weights as a pore agent into the kaolin hollow fiber
membranes [226]. The mechanical strength and oil rejections were improved using this
modification. By recycling coal fly ash as the raw material for membrane support, Zhu et
al. prepared a multi-layer-structured titanium dioxide (TiOz)/mullite membrane, which
displayed excellent separation and could be easily regenerated via sodium hydroxide
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(NaOH) solution backwashing, as shown in Figure 9c [216]. This not only reduces the cost
of membrane fabrication but also solves environmental issues.

4.2. Nanofiltration (NF)/Organic Solvent Nanofiltration (OSN)

NF membrane selectively separates small organic molecules and multivalent ions
through steric hindrance and the Donna effect, respectively. It segregates them with a mo-
lecular weight cut-off (MWCO) between the range of 200 and 1000 Da [227] and consumes
low operating pressure, thus requiring lesser energy as compared to RO [228-230].

Hollow fiber NF membranes have been widely used in various applications such as
wastewater treatment [231,232], food and beverage industry [233,234], chemical and pet-
rochemical industry [235-239], and biorefinery [240,241]. Dynamic deposition technology
was introduced to develop robust membranes under real-time performance monitoring.
Wang et al. synthesized a negatively charged hollow fiber NF membrane via dynamic
deposition of zirconium dioxide (ZrO2) sols on P84® polyimide substrates [242]. The syn-
thesized membrane exhibited excellent mechanical strength and was able to withstand
high pressure while maintaining a high sodium sulfate (Na25SO4) rejection of 93.4% due to
its high hydrophilicity and negative charge. Furthermore, it showed a high rejection of
>90% toward antibiotics and traditional Chinese medicines such as tea polyphenols,
puerarin, tetracycline, and rifampicin. Besides negatively charged hollow fiber membrane
[242], He et al. synthesized a positively charged membrane using chitosan lactate via in-
terfacial polymerization [243]. As compared to the previous study, this membrane demon-
strated slightly higher magnesium chloride (MgClz2) and zinc chloride (ZnCl2) rejections
(e.g., 95.1% and 95.7%, respectively) due to the positively charged surface of the mem-
brane. Moreover, it possesses a high potential for industrialization due to the short inter-
facial polymerization time and the use of chitosan lactate which is low cost, non-toxic, and
environment friendly.

Other than charged membranes, conjugated polymers are also utilized to synthesize
NF membranes. However, a limited study was performed on utilizing conjugated poly-
mers to synthesize hollow fiber membranes due to their low mechanical strength. Instead,
there are some studies on the preparation of flat sheet membranes via conjugated poly-
mers for NF, such as polypyrrole/multiwalled carbon nanotubes (MWCNTs) membranes
in treating Reactive Blue 50 dye [244] and conductive PANI-coated PVDF composite NF
membranes with tunable separation selectivity prepared through in situ chemical oxida-
tive interfacial polymerization [245]. Ma et al. synthesized conjugated PANI derivative
membranes via polymerization of ammonia-rich monomers and a post-crosslinking pro-
cess [246]. In this case, poly-p-phenylenediamine (PpPD)/hydrolysed PAN NF mem-
branes were synthesized using PpPD with conjugate structure via in situ growth onto a
porous substrate. As a result, the membrane exhibited an excellent water permeance of
297 LMH/bar with Congo Red (CR) or Direct Red 23 (DR23) rejections above 98.5% due
to the co-effects of size sieving and charge repulsion.

In addition, hollow fiber membranes are also being fabricated into TFC membranes.
Wang et al. have fabricated a TFC hollow fiber NF membrane, known as polyamide
(PA)/(PES/PVDF), via in situ interfacial polymerization procedure with PA functional
layer, PES coating layer, and PVDF supporting layer, as shown in Figure 10a [86]. The
synthesized membrane exhibited high pure water permeability (PWP) (e.g., 13.8
LMH/bar) and Na:z50: rejection (e.g., 98.2%) (Figure 10b) [86], which was comparable to
other hollow fiber TFC membranes synthesized using various methods such as conven-
tional interfacial polymerization [247,248] and construction-interlayer [249]. As compared
to other synthesis methods, the reported method was found to be facile, scalable, cost-
effective, and did not require any post-treatment, resulting in a simple and economical
strategy for industrializing the production of TFC hollow fiber membrane. Recently, 2D
materials have also gained attention due to their unique physicochemical properties,
atomic thickness, and defined nanochannels [250]. For instance, Liu et al. utilized metal
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carbides and nitrides (MXene) to synthesize hollow fiber membranes for removing diva-
lent ions from water [251]. Although the synthesized MXene/PAN membrane possessed
lower Na:SOx rejection of ~70% as compared to the aforementioned studies, the high pack-
ing density in the hollow fiber membrane module and the modifiable structure of the
MXene laminar layer showed the potential to improve the performance of the membrane
and the scale-up of MXene in the desalination process.
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Figure 10. (a) The illustration of the synthesis procedure of PA/(PES/PVDF) TFC hollow fiber mem-
brane and (b) various salt rejection of PA/(PES/PVDF) membrane. Reprinted/adapted with permis-
sion from Ref. [86]. Copyright 2021, Elsevier. (c) Performance plot of Na2SOs rejection in nanofiltra-
tion.

In terms of wastewater treatment, real industrial wastewater generally consists of
multiple contaminants, such as various inorganic salts, heavy metals, and dyes, which can
be reused and recycled [252,253]. However, normal NF membranes are difficult to frac-
tionate the dye/salt mixtures due to smaller particle sizes [254]. Hence, loose NF hollow
fiber membranes with high rejection of dyes and low rejection of salts are developed. For
instance, Chu et al. have fabricated a reinforced PES loose NF hollow fiber membrane for
textile wastewater treatment via a facile dry-wet spinning process [254]. The as-synthe-
sized membrane possessed a high pure water flux of 8.72 LMH/bar with high CR rejection
(e.g., 99.9%) and low sodium chloride (NaCl) rejection (e.g., <7%). Another study showed
the synthesis of loose NF hollow fiber membrane using polyethyleneimine (PEI) to reject
small molecule dyes, such as crystal violet and methyl orange, with a molecular weight of
407.0 g/mol and 327.3 g/mol, respectively [255]. The membrane exhibited excellent dye
rejection of ~100% due to size sieving with permeate flux of ethanol of 10.4 LMH/bar.

In addition, fouling is another typical problem faced by NF membranes. Hence, some
research has been done to improve the antifouling property of membranes. For instance,
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Wang et al. synthesized a high-flux TFC hollow fiber membrane for the desalination pro-
cess using BSA, humic acid, emulsified oil, and Rhodamine B as fouling sources [86]. The
flux recovery ratio (FRR) for BSA, humic acid, and emulsified oil were 94.8%, 92.3%, and
88.7%, respectively, with an irreversible pollution ratio below 11.5%, showing that the
synthesized membrane possessed superior antifouling property. In addition, Shi et al. in-
corporated hydrophilic and compatible poly(p-phenylene terephthalamide) (PPTA)/PSF
microparticles into the PA functional layer to synthesize a hollow fiber composite mem-
brane [256]. After 6 h of dye filtration, the resultant membrane experienced a reduction of
normalized water flux from 99 to 85%. However, the normalized water flux could be ef-
fectively recovered to 96.8% after cleaning with deionized water. Additionally, the
PPTA/PSF incorporated PA hollow fiber membrane exhibited slower fouling compared
to the pristine membrane. With the development of membranes with excellent antifouling
properties, the potential of commercializing these membranes can be realized due to the
reduction in cost and time required to clean and replace the membranes.

Figure 10c shows the Na2SOs separation performance plot of various membranes.
The PPA/PES TFC exhibited the best performance with the highest Na2SOs rejection and
permeability. It was due to the presence of interlayers as amines storage, which controlled
the reaction between amines and acryl chlorides to form a thin PA layer [167].
Additionally, the use of PVA to manipulate the diffusion of monomer also enhanced the
membrane performance owing to the Turing structure [257]. As observed from the plot,
most of the membranes had a high Na25Ox rejection of >90% with a moderate permeability
within the range of 5 to 20 LMH/bar. Among these membranes, the MXene/PAN showed
the lowest Na250s rejection and permeability. In short, the development of membranes
with high rejection and permeability should be promoted to enhance water permeance
while maintaining high rejection performance.

Organic solvent nanofiltration (OSN) is a separation process whereby the membrane
allows the passage of small solvent molecules while rejecting solutes with a molecular
weight between 200 and 2000 Da [258]. OSN is categorized into solvent—solute separation,
solute purification and solvent exchange, and it holds great potential as it can lower en-
ergy consumption, prevent degradation of sensitive molecular products, and minimize
waste generation [54,259,260]. To ensure stability in organic solvents, the common mate-
rials for OSN membrane fabrication are polyimide, PAN, and PBI.

Polyimide membranes with various properties and solvent resistances have been in-
vestigated to surpass the commercial Starmem membranes [260]. For instance, poly(4,4'-
oxydiphenylene pyromellitimide) (PMDA-ODA) polyimide membranes were synthe-
sized by spinning PMDA-ODA polyamic acid (PAA) into hollow fibers, followed by
chemical imidization [261]. In addition, a gelation/NIPS method was employed in synthe-
sizing pyromellitic dianhydride-4,4’-diaminodiphenylmethane (PMDA-MDA) PAA/TiO:
mixed matrix membranes to reduce the formation of macrovoids in the membranes [262].
The gelation of PAA substantially increased the permeability of the membrane, while the
addition of TiOz in the dope enhanced the rejection of Rose Bengal (RB) in tetrahydrofuran
(THF), dimethylsulfoxide (DMSQO), and dimethylformamide (DMF) due to the densifica-
tion of the skin layer. Goh et al. developed a solvent resistant polyimide HF membrane
through interfacial polymerization, where its rejection could reach 91.8% and 99.9% for
acid fuchsin and RB, respectively [263]. A solvent-activated TFC membrane obtained ex-
cellent permeability for different organic solvents while maintaining high selectivity [264].
This membrane holds promise in the pharmaceutical field due to its capability of concen-
trating levofloxacin in acetone. Apart from polyimide, PBI is another popular membrane
material for OSN as it possesses excellent thermal and chemical stability [265-267]. Re-
cently, Zhao et al. performed a green modification method (at room temperature and in
an aqueous solution) to fabricate a PBI OSN membrane by cross-linking PBI with potas-
sium persulphate [108]. The resultant membrane displayed outstanding stability in harsh
solvents such as N-methyl-2-pyrrolidone (NMP), DMF, and DMSO and could be regener-
ated via methanol backwashing.
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Furthermore, conductive polymers are alternative materials for OSN membranes due
to their advantages, such as high permeability and selectivity in separating small mole-
cules from organic solvents. Currently, conductive polymers are employed to synthesize
flat sheet membranes, while there are no reported works on hollow fiber membranes. A
p-phenylenediamine/hydrolyzed PAN membrane displayed outstanding ethanol perme-
ance of 242 LMH/bar with high rejection for various dyes, which was further evaluated
using a two-stage OSN process [246]. Contrary to the commonly used polyamide materi-
als, the conjugated microporous polymers (CMPs) are rich in permanent and intercon-
nected micropores in 3D networks consisting of rigid m-conjugated backbones [268]. A
synthesized CMP membrane could achieve higher permeance of non-polar solvent (e.g.,
hexane) compared to the conventional polar polyamide membrane [269]. Interestingly,
the rigid structure of CMP membranes leads to a high structural rigidity, which resulted
in a relatively high surface area and permanent pores, which are crucial for ultrafast OSN.
Through postoxidation of the thiophene moieties, the pore size of the CMP membrane
was fine-tuned at the angstrom scale to control its selectivity [270]. Furthermore, the CMP
membranes exhibited excellent stability, for instance, (1) permeance stability in different
organic solvents for a week [271], (2) chemical stability which was proven by the filtration
performance after soaking the membranes in different organic solvents for one week [269],
and (3) thermal stability up to 300 °C [269,271].

To further improve the separation performances of OSN membranes, nanomaterials
such as MWCNT [272], molybdenum disulfide (MoS:z) [273,274], graphene quantum dots
[275,276], zeolitic imidazolate framework (ZIF)-8 [277-279] and GO [280-282] have been
incorporated either into the membrane substrate or the selective layer. However, most of
the modifications were carried out on flat sheet membranes, while hollow fiber TFN mem-
branes were not widely studied. Su et al. doped GO nanosheets into hollow fiber TFN
membranes to improve their permeance, rejection, and swelling resistance [283]. The re-
sultant membrane also demonstrated great solvent and pollution resistance by rejecting
>99% of Rhodamine B while maintaining similar ethanol permeance over 18 h of filtration.
Similarly, GO-based nanohybrids decorated with TiO: nanoparticles were incorporated
into TFN membranes to enhance dye rejection and antifouling properties [284]. The per-
meate flux of the TFN was improved not only by the hydrophilicity of the nanohybrids
but also by the formation of additional pathways in the dense layer as well as the solvent
channelization through the gaps of GO nanosheets. In another work, a PI membrane was
modified with amine-functionalized carbon nanotubes followed by cross-linking to en-
hance its mechanical properties, thermal stability, and solvent permeances [285]. The
membrane possessed the ability to separate tetracycline/isopropanol, L-a-lecithin/hexane,
and 2, 2-bis(diphenylphosphino)-1, 1-binaphthyl)/methanol solutions, demonstrating its
potential in pharmaceutical, food, and petrochemical industries. Tables 1 and 2 tabulate
the separation performances in NF and OSN for hollow fiber membranes, respectively.

Table 1. Separation performances of hollow fiber membranes in NF.

Membrane 2

ZrO>-P84°® PI

CL/PES
PA/(PES/PVDF) TFC

PPA/PMIA TEC

GO/PSF TFC

Pressure Permeance Rejection (%) Reference
(bar)  (LMH/bar) Salts Pollutants ®
10 297 Na:SOu: 93 .4 Rifampicin, puerarin, tetracycline, [242]
and tea polyphenols: >90.0
ZnCl2: 95.7
4 2. - 24
6 MgCl2: 95.1 [243]
5 13.8 Naz504: 98.2 - [86]
Na250a: 98.5
MgSOu: 98.0 .
6 17.3 CaCly 96.0 CFB, RY3, and B2RL: >97.0 [248]
MgCl2: 95.7

5 8.39 Na2504: 96.1 RB: >99.0 [249]
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ST:92.9
MXene/PAN 1 ~5.9 Na250s4: ~70.0 - [251]
Polyester-reinforced PES 6 8.7 NaCl: <7.0 CR:99.9 [254]
PEI-70K/PVDEF/SMA 1 10.4 - MO: 97.1 [255]
PEI-70K & PEI-10K/PVDEF/SMA 1 6.4 - MO: 99.9 [255]
MO, ARS8, EBT, CR, RB5, and

PPTA/PSf-PA 7 5.46 MgSOa: 98.1 RR195:>99.0 [256]

MB, GTL, GRL, and RhB: >98.0

2 PI: polyimide; CL: chitosan lactate; PES: polyethersulfone; PA: polyamide; PVDEF: polyvinylidene
fluoride; PPA: poly(piperazine-amide); PMIA: poly(m-phenylene isophthalamide); GO: graphene
oxide; PSF: polysulfone; PAN: polyacrylonitrile; PEI: polyethyleneimine; SMA: styrene maleic an-
hydride; PPTA: poly(p-phenylene terephthalamide). ® CFB: Chromatrope FB; RY3: Reactive Yellow
3; B2RL: Direct Fast Blue B2RL; RB: Rose Bengal; ST: Safranine T; CR: Congo Red; MO: Methyl Or-
ange; AR88: Acid Red 88; EBT: Eriochrome Black T; RB5: Reactive Black 5; RR195: Reactive Red 195;
MB: Methylene Blue; GTL: Cationic red GTL; GRL: Cationic Red X-GRL; RhB: Rhodamine B.

4.3. Reverse Osmosis (RO)/Organic Solvent Reverse Osmosis (OSRO)

RO is one of the most effective commercialized technologies in water and wastewater
treatment. Unlike UF and NF technologies, RO technology can separate monovalent ions
such as sodium ions (Na*) and chloride ions (Cl") from water or wastewater through a
semi-permeable membrane. As compared to FO, RO treatment is equipped with higher
external pressure than the osmotic pressure, forcing the water molecules to flow in the
opposite direction. Hence, compared with other conventional water or wastewater treat-
ment and seawater desalination, RO is energy-efficient in producing high-quality fresh-
water due to its membranes with high permeability and selectivity [286,287].

Yang et al. synthesized thin-film composite (TFC) hollow fiber membranes with a
defect-free PA selective layer for brackish water reverse osmosis (Figure 11a,b) [288]. The
synthesized membrane exhibited high water permeability of 4.49 LMH/bar and NaCl salt
rejection of ~99% under 20 bar. The membrane even showed high stability by maintaining
normalized flux above 85% after 15 h of filtration. In addition, nanomaterials with unique
and outstanding characteristics such as hydrophilicity, molecular-sieving selectivity, and
chemical resistance were also introduced into RO membranes [289,290]. Gai et al. fabri-
cated TFC membranes by combining amino-functionalized carbon quantum dots (CQDs)
and hypochlorite treatment [291]. With the incorporation of amino-functionalized CQDs,
the PWP of the membranes was at 5.5 LMH/bar with NaCl rejection of 98% under 15 bar.
After the hypochlorite treatment, the PWP of the membranes further increased to 10.13
LMH/bar with NaCl rejection of 98.9%, resulting from a less cross-linked PA layer and
greater charge repulsion effect against charged solutes. Other than CQDs, 2D materials
such as layered double hydroxide, anionic clay materials (empirical formula:
[M12*M2(OH)2][ Axn]-mH20) with positively charged brucite-like metal hydroxide lay-
ers intercalated with counterpart anions [292], were also incorporated into RO membranes
owing to its flexible and tunable chemical composition [293].

Table 2. OSN performances for hollow fiber membranes.

Pressure Permeance Solute MW
a b s s %,
Membrane (bar) Solvent (LMH/bar) Solute (Da) Rejection (%) Reference
PMDA-ODA PI 10 DMF 2.5 RB 1017 96.7 [261]
7.2
PMDA-MDA PI 10 THF RB 1017 95.7 [262]
PEI/PIP-based MO 327 46.5

TFC/PI 2 Acetone 11.6 AF 585 91.8 [263]
MPD-based TEC/PI 5 Ethanol Acetone 2.33 MO 327 99.4 [264]

Acetonitrile 24.2 AF 585 98.6



Membranes 2022, 12, 539 19 of 71

10.58 MR 269 90.1
Levofloxacin 361 98.2
~3 MB ~99

K:5:05-PBI Acetone Ethanol 2 RBB 374 ~96 [108]

Isopropanol 626

~1 ~99
Ethanol 2.0 RDB 479 100

GOTEN Methanol 5.8 RB 1017 99 [283]

TiO2@rGO TFN Ethanol 4.1 BTB 624 95 [284]
Acetone 4.31 BBR 826 99.9

NH>-MWCNT/PI Ethanol 1.17 Tetracycline 444 97.4 [285]
Isopropanol 0.53 MB 320 99.8

2 PI: polyimide; PMDA-ODA: poly(4,4-oxydiphenylene pyromellitimide); PMDA-MDA: poly(pyro-
mellitic dianhydride-co-4,4"-oxydianiline); PEI: polyethylenimine; PIP: piperazine; MPD: m-phenylene-
diamine; PBI: polybenzimidazole; K25:0s: potassium persulphate; GO: graphene oxide; rGO: reduced
GO; TiOz2: titanium oxide; NH>-MWCNT: amine-functionalized multi-walled carbon nanotubes. » RB:
Rose Bengal, AF: Acid Fuchsin, MO: Methyl Orange, MR: Methyl Red, MB: Methylene blue; RBB: Rema-
zol Brilliant Blue; RDB: Rhodamine B; BTB: Bromothymol blue; BBR: Brilliant Blue R.

Besides desalination, RO hollow fiber membranes are also being used for effluent
treatment in a pharmaceutical plant. For instance, Liu et al. synthesized an antifouling RO
membrane via a simple irradiation strategy to graft hydrophilic polymers on the mem-
brane surface without the need for any catalyst and initiator [294]. The PA membrane with
poly(vinyl alcohol) (PVA) modifier concentration of 1.0% exhibited outstanding hydro-
philic properties and high salt rejection. Owing to the hydrophilicity and roughness of the
membrane, the irreversible flux decline rate and FRR of the membrane were 1.7% and
98.3%, respectively. The membrane even possessed high foulant removal efficiency (e.g.,
the chemical oxygen demand of 99.5%) in an actual pharmaceutical plant effluent treat-
ment after continuous operation for 28 days. To harvest more water and increase the con-
centration of RO brine, osmotically assisted reverse osmosis (OARO) has been developed
[295-297]. Unlike the normal RO technique, OARO is a pressure-driven process combin-
ing the principles of both FO and RO [298], which often operates at extremely high pres-
sures that most commercialized membranes are unable to [295,296]. For instance, Askari
etal. developed a TFC hollow fiber membrane consisting of a PA layer on the inner surface
of the PES hollow fiber substrate [298]. The synthesized membrane exhibited PWP around
3 LMH/bar and NaCl rejection of 97.5% to 98% for desalination of brackish water at 20
bars. So as to study the mechanical strength of the membrane, the structural parameter
and burst pressure were used where the optimal values were 795 um and 95 bars, respec-
tively.

Over the past decade, organic solvent reverse osmosis (OSRO) has emerged as one
of the most promising technologies to separate organic liquid mixtures due to its high
energy efficiency. Compared to OSN, it has a greater molecular specificity with the ability
to separate organic liquids, for instance, alcohols, alkanes, and aromatics [299]. There has
been a number of works that studied OSRO using organic membranes [300-302], CMS
membranes [148,149,303,304], silica-based membranes [305], and composite membranes
[306-308], which yielded excellent results. However, most of these works focused on flat
sheet membranes, while the research on hollow fiber membranes in the application of
OSRO is still lacking.
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Figure 11. FESEM images of the (a) cross-section and (b) inner edge morphology of hollow fiber RO
membranes with the highest flux. Reprinted/adapted with permission from Ref. [288]. Copyright
2021, Elsevier. (c) Illustration demonstrating the introduction of Hz to the pyrolysis environment
leading to an enlargement of the ultramicropores with only minor changes in the size of the mi-
cropores. Reprinted/adapted with permission from Ref. [149]. Copyright 2019, Wiley.

Jang et al. fabricated a polyamide-imide, namely Torlon® hollow fiber OSRO mem-
brane, due to its superior mechanical, thermal, and chemical stability [302]. The fabricated
membrane displayed excellent molecular separation, rejecting aromatic molecules as
small as 185 g/mol from similarly sized solvents. Compared with commercial OSN polyi-
mide membranes such as PuraMem® and DuraMem® membranes, Torlon® membranes
allow small alkyl aromatic separations that these OSN membranes are unable to accom-
plish. On top of that, this membrane has shown potential for industrial applications due
to its scalable spinning process. Another type of solvent- and temperature-resistant mem-
brane is the CMS membrane, which is synthesized via the pyrolytic decomposition of pol-
ymeric materials [309]. When fabricated into hollow fibers, these membranes are capable
of withstanding high transmembrane pressures. Lively et al. achieved molecular separa-
tion of para-xylene (5.8 A) from ortho-xylene (6.8 A) via pyrolysis of cross-linked PVDF
hollow fiber membrane [304]. The fabricated CMS membrane was capable of enriching an
equimolar liquid feed to 81 mol% para-xylene, which corresponded to a separation factor
of 4.3 without any phase change. In another work, Ma et al. studied the pyrolysis of the
PIM-1 precursor under a mixed hydrogen (Hz)/argon atmosphere to create “mid-sized”
microstructures in CMS membranes (Figure 11c) [149]. Interestingly, these changes in the
ultramicropore size drastically improved para-xylene permeability while maintaining ex-
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cellent para-xylene/ortho-xylene selectivity through Wicke-Kallenbach tests under the con-
ditions of low-pressure vapors. As such, these facile and straightforward pyrolysis meth-
ods are significant in paving new pathways for membrane-based applications of CMS
materials.

4.4. Forward Osmosis (FO)/Organic Solvent Forward Osmosis (OSFO)

FO is an emerging process that uses FO membrane to separate water from feed solu-
tion (e.g., higher water chemical potential) to draw solution (e.g., lower water chemical
potential) by natural gradient osmosis [310]. As a result, diluted draw solution and con-
centrated feed solution will be obtained. Forward osmosis has been widely applied in
various fields such as wastewater treatment, desalination, and solvent recovery because
of less energy consumption and high salt rejection [59]. Two critical factors that can sig-
nificantly influence the FO technology are the membrane module and draw solutions
[311,312]. Recently, efforts such as chemical grafting and the addition of highly porous
particles have been demonstrated to improve water flux and salt rejection in hollow fiber
membranes.

Several studies introduced nanoparticles into the active layer of the membrane to
enhance the stability and lower the tendency of fouling, including GO [313,314], silver
(Ag) nanoparticles [315], zeolite [316], carbon nanotube [317], aquaporins [318,319], ZIFs
[320], and covalent organic frameworks (COFs) [321]. Choi et al. employed vacuum-as-
sisted interfacial polymerization to incorporate Ag nanoparticles into outer selective-layer
hollow fiber (Figure 12a) [315]. The Ag-incorporated membrane had better stability which
lasted longer than 30 days and had higher fouling resistance than the pristine membrane
(Figure 12b). In addition, the Ag-loaded membrane achieved 90% flux recovery, higher
than the pristine membrane, which was only about 80% (Figure 12c). Aquaporins are an-
other promising material that can be introduced into the active layer of hollow fiber mem-
brane for enhancing separation performance, chemical resistance, and anti-fouling prop-
erties [322]. Sanahuja-Embuena et al. synthesized a Pluronic nanocomposite hollow fiber
membrane by adding aquaporin into the active layer of the membrane in an osmotic mem-
brane bioreactor [323]. The resultant membrane was rendered with synergistic effects in
decreasing reverse solute diffusion from 0.36 gL to 0.12 gL' without compromising the
water flux. Contaminants of emerging concern (CECs) are harmful organic pollutants that
are present in substantial amounts in pesticides, fertilizers, pharmaceuticals, and personal
care products. Recently, Salamanca et al. applied FO to remove 24 types of CECs using
their fabricated aquaporin-based hollow fiber membrane [324]. All the CECs were rejected
by at least 93%, and particularly, 19 of them were rejected by about 99% (Figure 12d).
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Figure 12. (a) Vacuum-assisted interfacial polymerization for thin film nanocomposite hollow fiber
membrane. (b) Fouling test of the Ag-loaded membrane and pristine membrane was conducted for
30 days. (c) Comparison of flux recovery after the dewatering test followed by 1 h of salt cleaning.
Reprinted/adapted with permission from Ref. [315]. Copyright 2022, Elsevier. (d) Performances of
aquaporin hollow fiber membrane on CECs rejection. Reprinted/adapted with permission from Ref.
[324]. Copyright 2021, Elsevier.

Conductive FO membranes are reported as promising anti-fouling membranes
where the surface charge on the FO membrane repulse charged foulants in water via elec-
trostatic repulsion [325]. Among the conductive materials, graphene nanosheets [326],
MXenes [327], and PANI [328,329] have been studied in FO application, owning to adjust-
able conductivity and high mechanical and environmental stability [330]. They have been
developed into a TFC membrane by coating on a PSF substrate. With the highly porous
and hydrophilic nanostructure, this membrane effectively oxidized the targeted organic
compounds and electrostatically removed the fouling layer [331]. However, there is no
work reported on using conductive polymer in the fabrication of hollow fiber membranes
for FO application.

Selecting a suitable draw solution is a crucial consideration in FO application. An
ideal draw solution should give high water flux, low reverse solute flux, low fouling ten-
dency, and high salt rejection. Monovalent draw solution, e.g., NaCl, is commonly used
in wastewater treatment because it is abundantly available and cheap [332]. Not only that,
the NaCl solution improves water flux and osmotic pressure in the FO process due to the
small hydrated radius of the Na* ion, which induces fast diffusion across the membrane,
resulting in an effective driving force for water permeation [333]. However, several stud-
ies found that this kind of monovalent draw solution can result in high reverse solute flux
and poor salt rejection [334]. Therefore, alternative solutions were studied to improve the
performance of hollow fiber membranes in the FO process. Mohammadifakhr et al. re-
ported that using a trisodium citrate solution draw solution yielded the membrane with
a high separation performance with high water flux of 7.8 L/m>h and a low reverse salt
flux of 2.1 g/m?>h [335]. Huang et al. employed fertilizer as a drawn solution in polluted
water treatment [336]. The diluted fertilizer can be applied to agriculture which could re-



Membranes 2022, 12, 539

23 0f 71

duce the water consumption from crop irrigation. Almoalimi et al. found that FO separa-
tion using non-ionic draw solutions such as glucose, glycine, and ethanol demonstrated
almost 100% of salt rejection but with a lower water flux due to a lower anion diffusion
coefficient [337].

Other than draw solutions, tailoring in module design to optimize energy efficiency
and fouling resistance have been studied. The module design modifications include con-
figuration [338], length of module [339], operating parameter [340], and use of different
operation modes [341] and the transverse vibration [342]. Akhtar et al. reported that the
separation performance of FO membrane with counter-current flow configuration had a
7% higher water flux than the co-current flow configuration [338]. Some studies revealed
that a long hollow fiber membrane module could reduce energy consumption and de-
crease water flux [339,340]. Next, vibrating submerged membranes received increasing
attention because turbulence created on the membrane surface effectively interrupts the
fluid boundary layer, thus giving better fouling control [343]. Low et al. revealed that us-
ing transverse vibration can significantly improve water flux while inhibiting the external
concentration polarization of hollow fiber membranes [342].

Organic solvent forward osmosis (OSFO) is a neoteric promising process that con-
centrates the feed solution while transporting the organic solvent to the draw solution by
applying the same principle of FO [344,345]. Unlike the aforementioned pressure-driven
processes such as OSN and OSRO, OSFO does not require external hydraulic pressure but
operates based on an osmotic pressure gradient. Therefore, OSFO saves on operation and
maintenance costs [346]. Goh et al. demonstrated the potential of OSFO for pharmaceuti-
cal concentration [347]. The fabricated hollow fiber membranes showed a high acetone
flux and low reverse solute flux when PEG-400 in acetone was used as a draw solution for
the levofloxacin concentration process. Seo et al. reported CMS membranes derived from
4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA)-based polyimide precur-
sors for liquid-phase hexane isomers separation. The ultramicropore membranes success-
fully separated hexane isomers with a sub-0.1 nm size difference by employing draw so-
lutions as driving forces [348]. Designs of flat sheet membrane material for the OSFO pro-
cess have been reported in the literature, such as TisC2Tx MXenes [349] and GO [350]
nanosheets interlayered membrane. However, there is still limited work on hollow fiber
membranes in OSFO application. Therefore, more studies are required to promote the use
of hollow fiber membranes in OSFO.

4.5. Pervaporation

Pervaporation is renowned for its capability to separate azeotropic mixtures by se-
lective partial vaporization [52]. Its separation efficiency depends on the preferential sorp-
tion and diffusion of the liquid feed components across the membrane selective layer,
while the target component emerges as vapor permeate driven by vacuum or sweep gas
[351]. In comparison with the conventional distillation process, pervaporation has over-
come the limitation of thermodynamic vapor-liquid equilibrium with lower energy con-
sumption, exhibiting favorability for the purification of thermally sensitive organics
[352,353]. The pervaporation technology finds its major establishment in solvent dehydra-
tion of water-organic azeotropes, including water-alcohol [168,188,353-370], water-acetic
acid [191,370-373], as well as organic solvents such as acetone, ethyl acetate, tetrahydro-
furan, etc. [369,374-378]. Correspondingly, hydrophilic pervaporation membranes are fa-
vorable to this application owing to their selective transport of polar water molecules
[379]. Other aspects of pervaporation applications, such as solvent recovery from organic-
organic [380-382] and organic-water mixtures [199,383-390] and the removal of volatile
organic compounds from wastewater [391-394] using hydrophobic membranes, have
been well-reported.

Table 3 summarizes the current state-of-the-art hollow fiber membranes for solvent
dehydration via pervaporation. Liu et al. demonstrated that a novel four-channel alumina
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hollow fiber support (Figure 13a) endowed the outer-surface-coated NaA zeolite mem-
branes with notably high water flux of 12.8 kg/m? h and a separation factor >10,000 for
ethanol dehydration [356]. Following that, Cao et al. employed a continuous gel solution
recirculation system to synthesize the NaA zeolite layer on the inner surface of the sub-
strate (Figure 13b) [357]. This work accomplished the best performance for ethanol dehy-
dration, with a flux and separation factor of 19.7 kg/m?2 h and >80,000, respectively. Liu et
al. proposed the fabrication of thin polyamide (PA) film on the TiO: modified ceramic
hollow fiber substrate (Figure 13c) via interfacial polymerization of 1,3-diaminopropane
(DAPE) and trimesoyl chloride (TMC) for pervaporation dehydration of isopropanol
[188]. The resultant membrane demonstrated a permeation flux of 6.44 kg/m2h and a sep-
aration factor of >12,000 due to the ameliorated surface smoothness and cross-linking de-
gree. Moreover, Liu et al. reported well-intergrown Universitetet i Oslo (UiO)-66 MOF
membranes fabricated on yttria-stabilized zirconia (YSZ) hollow fiber substrate via sol-
vothermal protocol (Figure 13d), establishing an exceptional separation factor of >45,000
and water flux up to 6.0 kg/m? h for the dehydration of isobutanol, furfural, and tetrahy-
drofuran [369]. These MOFs-based hollow fiber membranes remained robust over 300 h
of long-term exposure to harsh chemical environments.
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Figure 13. SEM images of NaA zeolites supported on the (a) outer surface and (b) inner surface
of the alumina hollow fiber substrate. Reprinted/adapted with permission from Ref. [356, 357]. Cop-
yright 2015 and 2019, Elsevier and Royal Society of Chemistry. (c) The schematic and SEM images
indicate the smooth and defect-free PA layer prepared on the TiO: interlayer surface. Re-
printed/adapted with permission from Ref. [188]. Copyright 2019, Elsevier. (d) SEM images of
UiO-66/YSZ hollow fiber membranes. Reprinted/adapted with permission from Ref. [369]. Copy-
right 2017, Wiley. (e) The modification technique by grafting APTES to induce hydrophilic-func-
tionalized surface and improve pervaporation separation factor. Reprinted/adapted with permis-
sion from Ref. [373]. Copyright 2019, Elsevier.

Apart from that, research has been expanding to the modification of the pervapora-
tion membranes. Zhang et al. adopted a facile surface cross-linking method between chi-
tosan and TMC to construct a thin separation layer (e.g., 1414 nm) on ceramic hollow fiber
membranes with revitalized pervaporation performance [363]. In another work, mixed
matrix hollow fiber membranes had been developed by incorporating UiO-66-NH: into
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cellulose triacetate (CTA), which attained a rise in permeation flux through enhanced wa-
ter affinity [359]. On the other hand, Zhang et al. attempted the surface functionalization
of zeolite membranes with 3-aminopropyltriethoxysilane (APTES) to induce greater hy-
drophilicity, acquiring vast improvement in the pervaporation separation factor (Figure
13e) [373]. There were also other mentionable works venturing into more complex per-
vaporation of ternary mixtures, such as water-ethanol-acetic acid [395] and water-isopro-
panol-epichlorohydrin [370].

Table 3. Current state-of-the-art hollow fiber membranes for solvent dehydration via pervaporation.

Water-Organic Feed Composition Operating Water Flux Separation
Membrane 2 . Temperature Reference
Mixture (wt%) C) (kg/m2h)  Factor
CS-PSS/ceramic b water-ethanol 10/90 70 0.495 904 [355]
NaA/alumina ® water-ethanol 10/90 75 12.8 10,000 [356]
NaA/alumina ® water-ethanol 10/90 75 19.7 >80,000 [357]
T-type zeolite/YSZ ® water-ethanol 10/90 70 0.78 >90 [358]
CTA/UiO-66-NH>/Ultem ¢ water-ethanol 15/85 50 2.667 152 [359]
PA/PES/silicon rubber ¢ water-ethanol 15/85 50 7.5 60 [360]
PA/TEPA/PAN 4 water-ethanol 10/90 25 0.342 366 [361]
CS-PVA/PVDE b water-isopropanol 10/90 60 0.306 2140 [362]
CS-TMC/alumina ® water-isopropanol 10/90 70 0.908 8993 [363]
CTA/Ultem® water-isopropanol 13.3/86.7 125 13.41 1332 [364]
MoS2-PEI/TiOz/ceramic® water-isopropanol 10/90 70 5.697 320 [365]
PA/Ultem/PDMS b water-isopropanol 15/85 50 2.65 246 [366]
Teflon/Ultem b water-isopropanol 5/95 125 4.625 383 [367]
T-type zeolite/YSZ ® water-isopropanol 10/90 75 7.36 >10,000 [368]
PA/TiOz/alumina 9 water-isopropanol 10/90 60 6.44 >12,000 [188]
UiO-66/YSZ water-isobutanol 5/95 50 4.81 >45,000 [369]
SA/TDI-GA/CTA-PAN 4  water-isobutanol 2/98 25 0.021 3229 [370]
CHA zeolite/YSZ b water-acetic acid 50/50 75 12 >10,000 [372]
DD3R/ceramic ® water-acetic acid 70/30 95 0.58 800 [191]
DD3R-APTES/ceramic?®  water-acetic acid 10/90 75 0.23 1700 [373]
SA-TDI-GA/CTA-PAN?®  water-acetic acid 5/95 25 0.012 708 [370]
P84/EDA ® water-acetone 15/85 50 1.8 53 [374]
PBI/PEI’ b water-ethyl acetate 2/98 60 0.82 2478 [375]
UiO-66/YSZ water-furfural 5/95 50 5.95 >45,000 [369]
water-tetrahydrofu- 5/95 70 4.06 545,000  [369]
ran
. . water-ethanol-acetic

T-type zeolite/alumina b acid 9.3/83.8/6.9 75 2.25 1348 [395]
GO-PVA-TEOS/alumina®t e iSOPIOPanol 50 505, 30 0.09 4844 [396]

epichlorohydrin

2 APTES: 3-aminopropyltriethoxysilane; CHA: chabazite; CS: chitosan; CTA: cellulose triacetate;
DD3R: Decadodecasil 3R; EDA: ethylenediamine; GA: glutaraldehyde; GO: graphene oxide; MoS::
molybdenum disulfide; PA: polyamide; PAN: polyacrylonitrile; PBI: polybenzimidazole; PEI: poly-
ethyleneimine; PEI": polyetherimide; PDMS: polydimethylsiloxane; PES: polyethersulfone; PSS:
poly(4-styrenesulfonic acid); PVA: poly(vinyl alcohol); PVDE: polyvinylidene fluoride; SA: sodium
alginate; TDI: 2,4-toluene diisocyanate; TEOS: tetraethyl orthosilicate; TEPA: tetraethylene-
pentamine; TiOz: titanium dioxide; TMC: trimesoyl chloride; UiO: Universitetet i Oslo; YSZ: yttria-
stabilized zirconia. ®* Dual-layer hollow fiber membrane made of selective layer/substrate. © Dual-
layer mixed matrix hollow fiber membrane containing polymer/filler in the selective layer. ¢ TFC
hollow fiber membrane composed of selective layer/substrate/sealing layer or selective layer/gutter
layer/substrate.
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4.6. Gas and Vapor Separation

The yearning for clean air has urged the development of promising air purification
and separation technology to address this global challenge. The emergence of the appli-
cation of hollow fiber membranes in industrial practice can be witnessed since the first
patented polymeric hollow fiber membranes five decades ago by Mahon [14]. To date,
hollow fiber membrane has been vastly implemented in gas separation application, in-
cluding CO: capture to constrain the amount of greenhouse gases released into the atmos-
phere, air purification to obtain high-purity oxygen (Oz) and nitrogen (N2), H2 separation
for hydrogen energy systems, hydrocarbon separation via a cost- and energy-efficient ap-
proach, sulfur dioxide removal in flue gas stream prior post-combustion CO2 capture pro-
cess, sour gas sweetening for natural gas purification, flue gas dehydration via vapor per-
meation as well as air filtration from ultrafine pollutants such as particulate matter and
air dehumidification [12,397].

Organic polymers are extensively reported in fabricating hollow fiber membranes for
gas and/or vapor separation in either single layer, dual-layer, thin film composite, ther-
mally rearranged, or mixed matrix configuration. They are cheap, commercially available,
scalable, possess defect-free nature, and have promising separation performance. Poly-
mers such as PES [29,158,171,172,183,398-406], PSF [28,30,36,407-419], polyimide
[110,420-427], PAN [34,70,162,170,428-431], and PBI [180,432,433] are the common poly-
mers used to fabricate hollow fiber membranes in various configurations. Notably, PBI
has been widely reported for effective Hz purification at elevated temperatures benefiting
from its rigid polymer chains, high thermal properties, and diffusivity-based selectivity
at a temperature above 150 °C [433]. In addition to the common application such as CO:
capture  [30,34,66,70,110,158,162,170-172,399,400,407-409,420,422-425,429,431,434-437],
air purification [29,398,401-403,410,411,421,426,438], and hydrogen separation
[28,36,183,404,427,432,433,439,440], polymeric-based hollow fiber membranes also re-
ceived attention to be used for industrial applications, e.g., hydrocarbon [425,441-444],
sulfur dioxide [33,445,446], and sour gas [447] separation, water vapor permeation
[405,406,412-419,428,430], as well as particulate matter removal [67,448]. Nevertheless,
polymeric hollow fiber in integrally skinned configuration frequently suffered from phys-
ical aging and plasticization upon prolonged application due to their molecular orienta-
tion, thus restricting their diverse application [449-451]. To circumvent these drawbacks,
proper tailoring on spinning parameters, the phase inversion process, and the chemical
structure of polymer could simultaneously bring about significant enhancement to its sep-
aration performance as well as produce a hollow fiber with desirable separation perfor-
mance with an ultrathin dense selective layer [66,89,452-454]. Alternatively, CO: condi-
tioning [449,455,456] can be used to control the physical aging rate, while strategies such
as chemical cross-linking [400,457,458], thermal cross-linking [45,447,459-461], thermal
annealing [442,462,463], and polymer blending [28,36,110] would be the promising ap-
proaches to suppress CO2-induced plasticization in polymeric hollow fiber membranes.

Electroconductive polymeric membranes show their potential to overcome the per-
meability-selectivity trade-off for membrane gas separation. The huge 7-systems in con-
ductive polymers provide stiff polymer chains with low packing density. Thus, they form
a rigid polymer structure that offers more restriction toward the gas diffusion across the
membrane [117], demonstrating the molecular size sieving properties of conductive pol-
ymer. Meanwhile, the organic group in a conductive polymer (e.g., -NH-) acts as the car-
rier to facilitate the transport of desired gas via a reversible chemical reaction with gas
molecules [464], demonstrating its carrier-mediated transport properties. These polymers
offered better selectivity toward polar gases owing to the combined properties of molec-
ular size sieving and facilitated transport. Moreover, conductive polymers possess the
ability to in situ tuning the gas transport properties of membranes via doping. Through
proper tailoring of the doping, dedoping, and redoping process with oxidizing agents
(e.g., hydrofluoric acid, hydrobromic acid, hydrochloric acid), precise control of the poly-
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meric structure, membrane morphology, pore size, free volume, and the resultant gas per-
meation properties can be achieved [111,465,466]. Conductive polymer membranes were
reported for Hz separation (e.g., H2/COz, H2/N2), air purification, and CO: capture (e.g.,
CO2/Nz, CO2/CHas) in the form of self-supported membranes, composite membranes, and
polymer blend membranes. Examples of conductive polymers that have been extensively
reported for gas separation include PANI [111,467-481], polypyrrole [482—489], and poly-
thiophene [490-492]. A comprehensive review of conductive polymer-based membranes
for gas separation application was reported recently [117]. Noteworthy, Mattes” group
had conducted a few preliminary studies on conductive polymer fibers [493-501]. Never-
theless, research reported on conductive polymer-based hollow fiber membranes for gas
separation is relatively limited, ascribed to the challenges such as low permeability, poor
mechanical strength, poor solubility in common solvents, and easy agglomeration of fill-
ers within the polymer matrix.

Porous nanofillers such as ZIF-8 [197,502-504], ZIF-71 [430], Materials of Institute La-
voisier (MIL)-53 [505,506], MIL-125-NH- [415], UiO-66-NH: [507-509], GO [171,172], gra-
phene nanoplatelets [91], MWCNTs [416], zeolite-templated carbon [510], Engelhard ti-
tanosilicate-4 (ETS-4) [183,417], carboxylated TiO2 (c-TiO2) [412,413], amino-functional-
ized acid activated bentonite clay (Abn-NH) [414], montmorillonite [181], and B-cyclodex-
trin (3-CD) [418,419] are recently reported to fabricate composite hollow fiber membrane
for gas and vapor separation. They are incorporated into polymeric hollow fiber mem-
branes either via direct spinning or during fabrication of thin film composite membranes.
Exceptionally, ZIF-8, which possesses high thermal stability with a small pore aperture of
3.4 A and large surface area of >1800 m?/g, have contributed to their wide application not
only in CO2 capture [197] but also in air purification [502] and propylene (CsHs)/propane
(CsHs) separation [503,504]. For instance, Etxeberria-Benavides et al. reported a PBI/ZIF-8
hollow fiber membrane for pre-combustion CO: capture, where the fiber had a thin (e.g.,
~300 nm) and defect-free selective layer that showed H: permeance of 107 GPU with
H2/CO: selectivity of 16.1 [197]. Hadi et al. fabricated a PES/ZIF-8 hollow fiber membrane
for air separation with a high O2/N2 selectivity of 5.25 [502]. Park et al. employed polymer-
modification-enabled in situ metal-organic framework (PMMOF) strategy for in situ
growth of ZIF-8 inside the 6FDA-(2,4,6-trimethyl-1,3-phenylene diamine) (6FDA-DAM)
selective layer supported on PES substrate [503]. The PMMOF process involved hydroly-
sis, ion exchange, ligand treatment, and imidization (Figure 14). The membrane revealed
promising CsHs/CsHs separation with CsHs permeance of 2.15 GPU and CsHs selectivity
of 23.4 with no additional defect sealing steps. Meanwhile, composite hollow fiber mem-
branes with nanofillers of ZIF-71 [430], MIL-125-NH2 [415], MWCNTs [416], ETS-4 [417],
c-TiO2 [412,413], Abn-NH [414], and 3-CD [418,419] have showed promising results for
water vapor permeation. Interestingly, Abn-NH incorporated hollow fiber membrane
demonstrated superior water vapor permeance of 2809 GPU with water vapor/N: selec-
tivity of 913 [414].

Since the pioneering work on TR-polymers [511], TR-hollow fiber membranes have
been vastly implemented for natural gas upgrading and carbon capture [512-517]. The
thermal treatment temperature has a notable effect on the dense selective layer thickness
and CO: permeance of the resultant membrane, where the elevated temperature will in-
crease the thickness of the dense selective layer due to the densification effect, thus reduc-
ing the CO2 permeance [514]. Instead of omni-directional shrinkage, Lee et al. found that
the longitudinal-suppressed densification process produced a TR-hollow fiber membrane
with a thinner selective layer and higher CO2 permeance [517]. Interestingly, by applying
the 2D densification process, the cross-linkable hydroxyl polyimide hollow fiber mem-
branes demonstrated a defect-free ultrathin selective layer of 52 nm and an exceptionally
high CO:z permeance of 4600 GPU with CO2/Nz2 selectivity of 18 [517], while the fiber pre-
pared by usual densification had a thicker selective layer of 100 nm with lower CO: per-
meance of 2291 GPU [516]. Notwithstanding, they are yet to be explored in other gas sep-
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aration such as Hz or hydrocarbon separation. Likewise, TR-derived mixed matrix mem-
branes were only reported on flat sheet configuration for CO2 [518-521] and H2 [522-525]
separation. Given the splendid properties, further exploitation of the newly developed
TR-derived hollow fiber membranes is essential to realize its implementation in real-time
application.
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Figure 14. Schematics on (a) preparation of 6FDA-DAM/ZIF-8 coated hollow fiber module and (b)
PMMOF process. SEM images of 6FDA-DAM/ZIF-8 hollow fiber membrane: (¢) magnified cross-
section and (d) top view. Inset image in (c) represent the overall cross-section of the membrane. (e)
Comparison on CsHs permeance and Cs separation factor of 6FDA-DAM/ZIF-8 hollow fiber mod-
ules with other works. Reprinted/adapted with permission from Ref. [503]. Copyright 2020, Elsevier.

Meanwhile, inorganic hollow fiber membranes such as carbon-based and ceramic-
based are extensively reported and focus on Hz, Oz, and CO: separation. Recent works
also include zeolites [526,527], alumina [528], and MXene [201] hollow fiber membranes
for gas and vapor separation. CMS hollow fiber membranes are temperature- and pres-
sure-resistant materials with a rigid pore structure that are suitable for natural gas sweet-
ening and Ho purification processes in steam methane reforming plants. The bimodal pore
structure (e.g., ultramicropores and micropores) in CMS membranes favor the CO»-
[142,145,148,529-532] and Ho-related [137,138,141,533] separation at high gas selectivity.
CMS hollow fiber membranes have been employed for air purification [144,148], Hz/al-
kane separation [138,141,533], and olefin/paraffin separation [140,148,534]. Table 4 sum-
marizes the recently reported CMS hollow fiber membranes for these applications. Qiu et
al. introduced a “hyperaging treatment” on the CMS hollow fiber membrane at a temper-
ature range of 90-250 °C, which accelerated the aging, reduced ultramicropores structure,
and enhanced selectivity [141]. The results revealed that the H2/C2Ha selectivity increased
more than 10-fold compared to the pristine membrane. However, the CMS membranes
still possessed relatively large ultramicropores to allow precise sieving of H2 and CO..
Based on the “aging treatment” strategy, they proposed a “super-hyperaging” process to
recover the separation performance of an aged CMS fiber in CsHe/CsHs separation [140].
The fibers treated at super-hyperaging temperature near 280 °C under air achieved CsHs
permeance of 25 GPU with CsHs/CsHs selectivity of 10. Indeed, the porous layer of asym-
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metric precursors is prone to curl and collapse during thermal formation of CMS mem-
brane, forming a denser layer that deteriorates the gas permeance [148,535]. Pre-treatment
process such as chemical cross-linking or coating of a new layer is often required to “lock
in” the asymmetric structure [304,536]. However, these modifications increased the fabri-
cation complexity and the overall membrane production cost by up to 40% [148]. To cir-
cumvent this hurdle, Lei et al. immersed the water-wetted cellulose hollow fiber precursor
in a glycerol solution before drying [529]. Compared to direct drying from water, this step
effectively prevents the curling and pore collapse of cellulose hollow fiber. Nonetheless,
the glycerol-containing cellulose precursor may contain large micropores as glycerol is a
membrane pore radius-maintaining agent. They further proposed a drying pre-treatment
method to remove glycerol and water inside the cellulose precursors [530]. Upon increas-
ing the drying temperature, the crystallinity of cellulose hollow fiber precursors was en-
hanced, where substantial shrinkage resulted in narrow pore size (e.g., 4.9 A) and im-
proved selectivity. The resultant membrane demonstrated remarkable CO>/CHs mixed
gas selectivity of 131 when tested at 60 °C, 50 bar. Recently, the same research group em-
ployed non-solvent (e.g., water-isopropanol-n-hexane) exchange to dry the water-wetted
cellulose membrane to prevent pore collapse during carbonization [137]. The resultant
membrane, after optimized final carbonization temperature, exhibited superior Hz per-
meance of 148.2 GPU and an ideal Hz/CO: selectivity of 83.9, being the highest perfor-
mance self-supported carbon membrane reported for Hz purification. The outstanding
performance of CMS hollow fiber membrane demonstrated its potential for application in
H: and CO: separation for real industrial application.
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Table 4. Recent state-of-the-art CMS hollow fiber membranes for CO:z capture, air purification, Hz/alkane separation, and olefin/paraffin separation.

Pyrolysi Permean PU) b
Polymer Precursor @ Pyrolysis Treat- Ten};poer};stlfre /P emeanee (00 Selectivity =~ Reference
ment ©0) (°C/atm) H: (07 N: CHa4 CO2 CH: CHes GCsHs GCsHs
6FDA/DETDA-DABA VTMS ¢ 550 35/2 - - - - 1000.0 - - - - CO2/CHa: >25 [142]
O2/N2: 10.0
CO2/N2: 44.5
PIM-1 - 575 35/6.8 - 4.0 0.4 0.3 17.8 0.9 0.2 - - CO»/CHs: 59.3 [148]
C2H4/C2Hs: 4.5
PI/LPSQ - 675 35/1 - - - 19.0 956.0 - - - - CO2/CHa: 50.2 [145]
Cellulose - 600 25/2 - - - 0.02s 3.68 - - - - CO2/CHa4: 186.0 [529]
25/28 - - - 0.03f8 2318 - - - - CO2/CHa: 75.0 1 [529]
60/8 - - - 0.09fs 45" - - - - CO2/CH4: 50.0 f [529]
Cellulose - 600 25/2 - - - 0.001s 1.1 - - - - CO2/CH4: 917.0 [530]
60/50 - - - _ 15t - ; - -~ CO/CH=131.0¢  [530]
Cellulose - 600 25/8 - - - 0.03f8 1318 - - - - CO2/N2:42.0¢ [631]
- - - 003% 05% - - ; - COyCH:150¢  [531]
Cross-linking with O:/N:: 3.0
PMDA-ODA PEI < 600 25/7 - 19.6 6.5 4.7 93.4 - - - - CO2/N2: 14.4 [532]
CO2/CHa: 19.8
6FDA/BPDA-DAM - 675 NR ¢/3.5 117.0 - - - - 0.4 - - - H>/C2Ha4: 297.0 [141]
H2/COz2: 2.8
PEI - 600 NR ¢/5 711.6 - - - 254.1 - 151.4 - 134.3 Hz/C:He: 4.7 [533]
H2/CsHs: 5.3
Matrimid VIMS ¢ 675 600/1 430.0f - - - - - - - - H2/CsHs: 511.0 [138]
H>/N2: >800.0
Cellulose - 850 130/2 148.2 - 0.2 0.03 1.8 - - - - H>/CHa: >5700.0 [137]
H2/COz: 83.9
PBI - 750 25/1 - 08 - - - - - - 02/N2: 13.7 [144]
6FDA/BPDA-DAM -uPerhyperaging 675 35/3.5 - - - - - - 250 25 GHy/CHs100  [140]

thermal treatment ¢
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Matrimid coated alumina

- 650 25/2 - - - - - - - 450 27 GHy/CHs:165  [534]

a PI/LPSQ: polyimide/ladder-structured polysilsesquioxane; PIM-1: polymers of intrinsic microporosity; 6FDA: 4,4'-(hexafluoroisopropylidene) diphthalic anhy-
dride (6FDA); DETDA: diethyltoluenediamine; DABA: 3,5-diaminobenzoic acid; PMDA-ODA: poly(4,4'-oxydiphenylene pyromellitimide); PEIL: polyethyl-
enimine; PBI: polybenzimidazole; BPDA: 3,3"-4,4"-biphenyl tetracarboxylic acid dianhydride (BPDA); DAM: 2,4,6-trimethyl-1,3-phenylene diamine; VIMS: vinyl-
trimethoxysilane. * 1 GPU = 1x10-° cm3(STP)/cm?-.cmHgs). © pre-pyrolysis treatment. ¢ post-pyrolysis treatment. ¢ NR: not reported. f Data were obtained from
mixed-component systems. 8 Value calculated based on the permeability data reported in Barrer with respective thickness.
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Figure 15 shows the performance plot on recent state-of-the-art integrally asymmet-
ric, thermally rearranged, composite (e.g., dual-layer, TFC, TFN), and CMS hollow fiber
membranes for O2/Nz, H2/COz, CO2/Nz, and CO:/CHs separation. For air purification, TR
hollow fiber membranes showed the highest O2 permeance with moderate O2/N2 selectiv-
ity, while CMS hollow fiber membranes demonstrated a great permeability-selectivity
trade-off with the highest O2/N: selectivity but the lowest O2 permeability (Figure 15a).
Despite the low O: permeability, CMS hollow fiber membranes had the highest Hz per-
meance with comparable Hz2/CO: selectivity, while TFC hollow fiber membranes dis-
played the highest H2/CO: selectivity with the lowest H2 permeance (Figure 15b). Inter-
estingly, TFC hollow fiber membranes dominated for COz permeance and COz/Nz2 selec-
tivity, approaching 5200 GPU and selectivity of 680 (Figure 15¢), signifying the great po-
tential of this membrane for flue gas separation. In addition, they also demonstrated the
highest CO2 permeance for CO/CHa separation, while dual-layer hollow fiber membranes
had the highest CO>/CHa selectivity with low CO2 permeance (Figure 15d). Remarkably,
each of these membranes has portrayed distinctive separation performance depending on
the targeted applications.

The production of Oz from cryogenic distillation is limited by high capital and oper-
ating cost and is energy-intensive despite producing high-quality O: (i.e., >99.9 mol%).
Alternatively, high Oz purity up to 99.9 mol% at a lower cost in a compact module could
be separated using ceramic membranes [537]. They are constructed from metal oxides
with perovskite structures that contain a large number of O2 vacancies, which favor O:
transportation after activation at elevated temperatures [538]. An in-depth analysis from
the chemistry and material side on perovskite oxides for Oz permeable membrane was
reported recently [539]. However, the large-scale application of perovskite hollow fiber
membranes is restricted by the inherent brittleness of the ceramic materials. In order to
overcome the physical weakness of these membranes, perovskite hollow fiber membrane
bundles were introduced [537,540]. By applying this strategy, the bending force of the
resultant Lao.sSr0.4Coo.2Fen.s0s-» (LSCF) bundle with five fibers increased 540% (e.g., from
2.81 N to 11.77 N), showing O: flux of 0.46 mL cm? min™ at 950 °C [540], while the
BaCoo.85Bi0.0sZ10.103-5 (BCBZ) hollow fiber bundle with seven fibers had a bending force of
25.32 N and achieved even higher O2 flux of 7.06 mL cm™ min™ at 1000 °C [537]. Wang et
al. fabricated a 19-channel Bao.sSro0.5Coo.sFeo.20s-» (BSCF) hollow fiber membrane in which
this configuration brought superior mechanical strength of 50.4 + 1.3 N in 50 mm with
enhanced O: permeation of 7.05 mL cm min™ at 900 °C [541]. Other types of perovskite
such as LaosSro4CoOs-» (LSC) [542] and (Lao.sCao.4)(Coo.sFeo.2)Os-5 (LCCF) [543,544] hollow
fiber membranes were also reported for Oz permeation. In addition, the formation of a
hetero-interface between perovskite and Ruddlesden-Popper oxide in the membrane sys-
tem was proved to enhance the surface Oz exchange kinetics due to the presence of fast
and anisotropic Oz transport pathways along the hetero-interface [545,546]. This hetero-
interface can be formed via surface coating on pristine hollow fiber [546-548] or by form-
ing a composite membrane via a combined phase-inversion-sintering process [549]. Com-
pared to surface decoration [548], the Oz permeation flux on LSCF-LSC composite hollow
fiber membrane showed a superior enhancement of 550% (e.g., 0.6 to 3.3 mL cm™ min™")
at 900 °C [549], indicating that the Oz bulk diffusion was significantly promoted by the
hetero-interface. Apart from that, incorporation of Ag on perovskite membrane can also
improve the Oz fluxes [127,550]. Ag has good O: solubility and compatible catalytic activ-
ity that promotes O2 permeation [550]. For instance, Han et al. [127] deposited Ag on LSCF
hollow fiber membrane via dip coating method, while Ma et al. [550] incorporated Ag into
Lao.sCao.2Fe0.940s-a (LCF) hollow fiber membrane via one-pot wet complexation method.
The Oz flux in the former work was enhanced by 240%, and the latter was 160%. Notwith-
standing, particle aggregation happened easily during high-temperature operation,
which reduced the catalytic efficiency.
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Figure 15. Performance plot on recent state-of-the-art hollow fiber membranes for (a) O2/N2, (b)
H2/CO, () CO2/Nz, and (d) CO2/CHa. Inset is the magnified plot on the packed data point.

Flue gas contains nitric oxide (NO) that imposes a negative effect on the O: permea-
tion of perovskite membranes in the temperature range of 700-900 °C, in which the reac-
tion between perovskites and NO will damage the porous structure of the membrane. To
address the said issue, Gao et al. elucidated the impact of NO on the Oz permeation be-
havior of perovskite hollow fiber membrane and found out that operation above 900 °C
was able to omit the negative effect as NO was decomposed at such elevated temperature
[551]. Xu et al. fabricated a molten nitrate dual-phase four-channel potassium nitrate/po-
tassium nitrite-BSCF (KNOs/KNO2-BSCF) hollow fiber membrane for nitrogen oxides sep-
aration where the nitrogen oxides permeance reached 9.2 x 10~ mol m=2 s Pa™! at 500 °C
[129]. Moreover, the sealing of perovskite membrane at a high temperature of 800 °C re-
mains a huge challenge for industry feasibility. The choice of sealants varies between
membrane materials, operating conditions, and duration. A comprehensive discussion on
sealing perovskite hollow fiber membranes for long-term O: permeation has been re-
ported elsewhere [552]. Modeling and simulation of O2 permeation have also been per-
formed to evaluate the performance of the perovskite hollow fiber membrane module at
different modes and flow configurations [553,554]. Table 5 summarizes the recent publi-
cation on perovskite hollow fiber membrane for Oz separation.

Table 5. Recent reported perovskite hollow fiber membranes for O: separation.

Ceramic @

Temperature O:z Flux

Modification Reference

O

(mL cm=2 min?)

BSCF
LSC
LCCF
LCCF
BCBZ

900

1000
1000
1000
1000

7.05 [
1.20 [
6.20b [543]
510 [
5.75
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LSCF LSCF bundle of 5 single LSCF hollow fiber 950 0.46 [540]
BCBZ BCBZ bundle of 7 single BCBZ hollow fiber 1000 7.06 [537]
LSC LSC214 Ruddlesden-Popper decoration 850 0.40 [548]

LSC LSC214 Ruddlesden-Popper decoration 900 0.60 [548]
LSCF-LSC LSC Ruddlesden-Popper phase 950 4.52 [549]
Wrinkled LSCF  Ag deposition via dip coating on outer surface 950 1.48 [127]
LCF Ag deposition via wet complexation 950 1.46 [550]

a LSCF: Lao.6Sro.4Coo.2Fe0.sOs-s; BCBZ: BaCoo.s5Bio.05Z10.10s5; BSCF: Bao.sSro.sCoo.sFe0.20s-; LSC:
Lao6S104C0o0s-5; LSCa14: (La,Sr)2CoOs LCCE: (Lao.sCao.4)(Coo.sFeo.2)Os-5; LCF: Lao.sCao.2Fe0.9103-a. * 50% CO:2
atmosphere.

4.7. Membrane Distillation (MD)

Membrane distillation (MD) is a vapor-driven thermal separation process with a po-
rous hydrophobic membrane as the separation medium [556]. It has been often used in
removing various pollutants such as dyes, salts, and heavy metals from textile wastewater
[557-559], seawater [560-562], mining effluent [563,564], and water production [565,566].
Additionally, membrane distillation has been used for alcohol/water separation [567,568].
As compared to conventional distillation, a differential distillation utilizes hollow fibers
as structural packing for olefin/paraffin separation [37]. In this case, the hollow fibers rep-
resent the tubes in a shell-and-tube heat exchanger for mass transfer in membrane tech-
nology. Among these separations, MD with hollow fiber membrane configuration is at-
tractive for dye wastewater treatment [95] and desalination process [71,101,104,195,569-574].

As compared to inorganic membranes, polymeric membranes are often selected in
various studies due to their lower cost and greater mechanical flexibility [575]. For in-
stance, macrovoids-inhibited PVDF membrane synthesized via spinning process delay for
direct contact membrane distillation (DCMD) enhanced the porosity, pore size, hydro-
philicity, and mechanical strength as compared to the conventional NIPS method [101].
This was due to the elimination of macrovoids, enhancing the water flux and energy effi-
ciency without requiring any additional chemicals. In another study, Chang et al. synthe-
sized PVDF hollow fiber membranes using triethyl phosphate (TEP) as a green solvent for
DCMD [569]. The resultant membranes prepared using TEP show their potential in re-
placing the commercial PVDF membrane with NMP owing to less toxicity of solvent used
toward the environment, robust mechanical strength, simple fabrication method, anti-
wetting property, high NaCl rejection of 99% and flux of 20 kg/m?*h.

In addition, Chen et al. synthesized a robust Janus tri-bore hollow fiber membrane
consisting of three layers, which included a porous and hydrophobic tri-bore PVDF hol-
low fiber substrate, an oxidant-induced hydrophilic polydopamine (PDA)/PEI layer, and
a highly hydrophilic sodium-functionalized carbon quantum dots (Na*-CQD) grafting
layer [104]. The hydrophilic Na*-CQD grafted layer provided excellent wetting and foul-
ing resistance, resulting in robust desalination performance in wastewater with multiple
components such as inorganic salts, organic compounds, surfactants, and crude oil. Un-
like the previous study, Li et al. synthesized a hydrophobic ZIF-71/PVDF hollow fiber
composite membrane via a dilute solution coating method [570]. The hydrophobic mem-
brane inhibited the formation of liquid film and reduced the thickness of temperature po-
larization, resulting in an enhancement of permeation and wetting resistance.

Other than polymeric membranes, inorganic ceramic hollow fiber membranes are
prepared. For instance, Hubadillah et al. synthesized a green silica-based ceramic hollow
fiber membrane for desalination derived from rice husk ash waste [560]. The developed
membrane is able to withstand harsh conditions in the real industrial process with feed
temperatures as high as 80 °C while maintaining the permeate temperature at 10 °C and
liquid entry pressure above 0.5 bar. The result showed a higher permeate flux (e.g., 27.3—
64.3 kg/m?-h) compared to those of polymeric membranes (e.g., 5-25 kg/m?h) [576] and {3-
Sialon ceramic membrane (e.g., 12.2 kg/m?h) [577].
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4.8. Membrane Contactor

Membrane contactor technology combines the principles of membrane separation
and absorption. Generally, the membrane acts as a non-selective barrier between the gas-
liquid interface for efficient contact without phase dispersion. This feature is notably ben-
eficial since the phases are readily separated in output without droplet carry-out or foam-
ing in the liquid phase; therefore, gas and liquid flow parameters can be controlled inde-
pendently [578]. The development of hollow fiber membrane contactors was inspired by
the conventional shell-and-tube modules (Figure 16a), with hollow fibers acting as tubes
to seize their benefits of high packing density and exceptional specific surface area (Figure
16b). In this regard, the design of hollow fiber membrane contactors had been well estab-
lished using mass transfer correlations for aqueous deaeration (i.e., removal of oxygen
from liquid phase) and COz absorption [579]. The contacting phases can be introduced in
a co-current or counter-current flow regime [580]. Membrane contactors are mainly em-
ployed to absorb the desired component in a liquid absorbent, as illustrated in Figure 16c.
On the shell side, the gas molecules diffuse through the pores of the membrane to the gas-
liquid interface through the partial pressure gradient and concentration gradient. They
react with the absorbent in the tube side, whereby the desired component is absorbed and
removed.

Microporous polymeric membranes prepared from PES [581], poly(4-methyl-1-pen-
tene) (PMP) [582], PVDF [583], polytetrafluoroethylene (PTFE) [584], and polydime-
thylsiloxane (PDMS) [585] have been used in membrane contactors. Despite being non-
selective, the membrane morphology and transport properties affect the overall separa-
tion performance of a membrane contactor. For instance, increasing the membrane thick-
ness prolongs the gas residence time and its resistance across the path, therefore reducing
its separation efficiency. Previous analysis also showed that the absorption performance
was improved by increasing the number of hollow fibers, fiber effective length, and po-
rosity, as well as reducing the inner diameter and tortuosity factor of the hollow fiber
membranes [586]. Another significant parameter is the anti-wetting property of the mem-
brane, whereby an increase of 5-10% wetting reduced the separation efficiency by at least
40% [587-589]. In addition, the membrane contactor can be innovated through different
operation modes such as serial [590] and counter-current flow operation [591].
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Figure 16. (a) Shell-and-tube module of a membrane contactor. (b) Hollow fiber configuration where
the tube side is absorbent flow. (c) The diffusion and absorption mechanisms in the membrane con-
tactor.

Membrane contactors have major applications in acid gas (e.g., CO2, SOz, and H-:S)
removal [585,586,592-602]. The separation performance of membrane contactors mainly
relies on the selective absorption of absorbents. Correspondingly, amine solutions, specif-
ically ethanolamine derivatives, are one of the most competitive absorbents in acid gas
removal [587,589,594,597]. However, they are hindered by high corrosion, expensive re-
generation, and loss in absorbents due to volatilization and poor thermal degradation.
These limitations lead to the progress of alternative absorbents like amino acid salt solu-
tions [603], nanofluids [604,605], and ionic liquids [588,599-601], which exhibit amelio-
rated absorption capacity, stability, and regeneration efficiency. Apart from that, recent
engineering approaches to structural steric effect [606] and blending [594,607] of amine
absorbents have been reported. Other applications of membrane contactors include oxy-
genation/deoxygenation [608,609], ozonation [610-612], gas dehumidification [613-617],
and olefin/paraffin separation [618,619].

4.9. Other

Improper treatment of effluent wastes from nuclear processing causes environmental
pollution, including air and water pollution as well as affects human health [620]. Krypton
and xenon are examples of radioactive wastes from nuclear fuel production that require
effective management. In this respect, krypton/xenon separation is an important treat-
ment as krypton and xenon hold great promise in a wide range of applications such as
anesthesia, imaging, and lighting product [621]. However, the separation of krypton from
xenon remains challenging due to the similar physical properties of these two chemical
inert isotopes. In 1980, silicon rubber capillaries (hollow fiber) were introduced to inves-
tigate the permeation of krypton [622,623]. Several advantages of this module had been
concluded in this study, including large effective area, high mechanical strength, and
small module size, resulting in low module cost. Recently, Kwon et al. successfully
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demonstrated silicoaluminophosphate chabazite (CHA) (SAPO-34) membranes on a-alu-
mina hollow fibers for krypton/xenon separation [624]. This membrane showed excellent
krypton/xenon permeation selectivity. Meanwhile, Wang et al. fabricated a high-silica
CHA zeolite membrane to capture krypton over xenon selectively [625]. As a result, kryp-
ton/xenon selectivity was up to 146 [625], which outperformed the hollow fiber SAPO-34
membranes, which was only 31.7 [624]. Moreover, the fabricated membrane also showed
an outstanding radioactive resistance to more than 100 kGy of radiation.

In addition, hollow fiber-supported liquid membranes have been employed for nu-
clear waste treatment [626]. Various synergistic ligands (Figure 17a—c) have been used as
carriers for effective ion transport in nuclear waste. Chaudhury et al. demonstrated elec-
trodriven transport of radio-cesium through acidified chlorinated cobalt dicarbollide-
loaded hollow fiber membrane for recovery of radio-cesium from nuclear waste [627].
Likewise, Jagasia et al. incorporated calix-crown-6 ligands (bis-octyloxy-calix [4]arene-
mono-crown-6) into polypropylene hollow fiber, where the calix-crown-6 ligands carrier
effectively enhanced the permeation of cesium through the membrane [628]. In another
work, Song et al. synthesized poly(ethylene vinyl) alcohol (EVAL) hollow fiber membrane
with extractant from a mixture of 1-phenylazo-2-naphthol and methyl trioctyl ammonium
chloride for lithium isotopes separation [629]. Excellent lithium ions transport was at-
tributed to the strong oxygen-lithium and nitrogen-lithium conjugations (Figure 17d).

Hollow fiber membranes are widely applied in the biomedical field, such as hemo-
dialysis, drug delivery and blood separation. An increasing number of publications on
hollow fiber dialyzers has been reported for maintaining homeostasis of patients who suf-
fer from chronic kidney failure by removing the uremic toxin and excess water from their
body [630,631]. Wang et al. successfully fabricated PES hollow fiber membrane with a
heparin-mimicking surface through in situ cross-linking polymerization mediated alkali-
induced phase separation (Figure 18a) [632]. In another study, Wang et al. demonstrated
heparin-free cross-linking on hollow fiber to enhance the hemocompatibility of dialysis
membranes. The heparin-mimicking pre-copolymer, poly (triethoxyvinylsilane-acrylic
acid-sodium 4-vinylbenzenssulfonate) (P(VTES-AA-SSNa)) was synthesized (Figure 18b)
and subjected to cross-linking of PSF commercial hollow fiber [633]. Both studies revealed
that heparin cross-linking on hollow fiber membranes could suppress platelet adhesion
and prevent protein fouling from achieving a prolonged clotting time [632,633]. Moreover,
functionalized GO-PEI hollow fiber membrane fabricated by Kaleekkal et al. possessed
excellent toxins rejection (e.g., 77% urea, 68% creatinine, and 44% lysozyme) and good
protein retention, about 95% after 4 h dialysis [630].

Nanofiber has been used as a drug delivery system to sustain drug release and avoid
the uncontrollable initial burst of release [634]. Electrospinning, a common method for
nanofiber fabrication, has been modified to improve biocompatibility and working effi-
cacy [635]. Al-Baadani et al. demonstrated a co-electrospinning technique to synthesize
polycaprolactone (PCL)/gelatine blended nanofiber membrane [636]. Through tuning the
PCL and gelatine ratio, the drug release profile was adjusted (Figure 18c). In another
study, a novel triaxial electrospinning method was employed to synthesize highly effi-
cient cellulose acetate coated nanofiber by using cellulose acetate as a middle solution and
ferulic acid/gliadin as a core solution (Figure 18d) [637]. Results revealed that cellulose
acetate coating inhibited the initial burst of drugs, while proper tuning of the thickness of
cellulose acetate coating achieved a constant rate of drug release profile for a sustained
period.
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Figure 17. Chemical structure of synergetic ligands: (a) bis—octyloxy-calix [4]arene-mono-crown-6,
(b) acidic chlorinated cobalt dicarbollide, (c¢) 1-phenylazo—2-naphthol and methyl trioctyl ammo-
nium chloride, and (d) lithium isotope and ligands exchange mechanism. Reprinted/adapted with
permission from Ref. [627-629]. Copyright 2014, 2016, and 2020, Elsevier.

Conductive polymers have been used in hollow fiber membrane modules for blood
separation and sensing applications. Wu et al. are the frontiers of integrating the conduc-
tive nanomaterials on hollow fiber for blood separation. Firstly, a novel 3D electrochemi-
cal biosensor was designed via in situ synthesizing PANI and platinum nanoparticles on
PSF hollow fiber membrane [638]. The unique structures of hollow fiber facilitated the
liquid transportation and uniform diffusion in lumen and provided selective blood sepa-
ration for metabolite detection. The resultant membrane exhibited a fast fluid flow (e.g.,
>1 uL/ms), good selectivity, high sensitivity (e.g., R? = 0.999), and high accuracy (testing
bias <7.2%) for the separation of glucose and cholesterol from whole blood. In another
work, Wu et al. incorporated enzyme-Fe-UiO-66 into conductive microporous hollow fi-
ber membrane to develop a biosensor for various kinds of metabolite detection in blood
[639]. The nanostructured conducive network developed from the conductive material
and MOF-enzyme improved the electrochemical property, displaying a fast and selective
metabolite detection. This membrane holds great potential in replacing conventional
blood detection, which requires long sample preparation time and complicated proce-
dures.
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Figure 18. (a) Demonstration of NaOH-induced phase separation for the heparin-mimicking modi-
fied hollow fiber membrane. Reprinted/adapted with permission from Ref. [632]. Copyright 2021,
Elsevier. (b) Synthesis procedure of anionic P(VTES-AA-SSNa) for free cross-linking process. Re-
printed/adapted with permission from Ref. [633]. Copyright 2018, Elsevier. (c) Co-electrospinning
technique for PCL/gelatine membrane preparation. Reprinted/adapted with permission from Ref.
[636]. Copyright 2021, Elsevier. (d) Trixial electrospinning process for nanofiber with release-retard-
ing coating. Reprinted/adapted with permission from Ref. [637]. Copyright 2019, Elsevier.

5. Emerging R&D on Hollow Fiber Membranes
5.1. Green Fabrication Technique
5.1.1. Green Solvent

Membrane fabrication produces nearly 50 billion liters of solvent-contaminated
wastewater annually [640]. These solvents are often toxic that cause severe human health
threats and environmental burdens. For instance, toxic solvents such as DMF, NMP, and
dimethylacetamide (DMAc) have been restricted to industrial use by European Chemical
Agency (ECHA) for human health reasons [641]. Thereafter, less hazardous solvents
emerged as a promising alternative to replace the toxic solvents for membrane fabrication.
Recently, green solvents such as PolarClean [83,642], TEP [569,643], DMSO, y-butyrolac-
tone (GBL) [644,645], and natural deep eutectic solvent (NADES) [646] have been re-
ported to fabricate green hollow fiber membranes. Rhodiasolv® PolarClean [647] is a new
frontier of green solvent that is water-soluble and provides good solvent/non-solvent ex-
change during phase inversion. For the first time, PolarClean was used as a green solvent
to fabricate PVDF hollow fiber membranes by a combination of TIPS and NIPS techniques
[648]. Hassankiadeh et al. reported the use of PolarClean as solvent and glycerol as addi-
tives; it induced porous structure and created B-polymorphs (unique polymorphism of
PVDEF, which can improve the filtration) in the polymers matrix, resulting in highly pure
water permeability. In another work, Ursino et al. used PolarClean as a solvent to fabricate
PES hollow fiber membrane [649]. The resultant membrane had a smooth and homogene-
ous surface with a sponge-like structure. In addition, tributyl O-acetyl citrate was used as
a green diluent to fabricate hollow fiber membranes [25]. Results revealed that increasing
the air gap and bore fluid temperature improved the porosity, resulting in higher water
permeability. DMSO was also used to synthesize ultrafiltration membranes for water sep-
aration [650]. It was reported that the replacement of DMF with DMSO showed significant
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improvement in the water flux from 158 to 180 LMH/bar and salt rejection from 82 to 89%.
A recent work used deep eutectic solvents (DESs) and NADES as solvents to prepare
PVDF and PAN membranes for water application [646]. Co-solvents such as PolarClean,
TEP, and DMSO were added to the dope solution with the aim of reducing the solution
viscosity. It would be a great evolving step to fabricate a hollow fiber membrane based on
this strategy. These works have demonstrated the great potential of using green solvents
in preparing more sustainable membranes for vast application.

5.1.2. Solvent-Free Method

Green fabrication can be achieved by involving less solvent and energy usage and
safe and simple procedures. The techniques that satisfied said characteristics are MS-S
[651,652] and ultraviolet (UV)-assisted melt electrospinning [653]. In the melt spinning
process, a mixture of polymers is melted and spun by stretching force in a twin-screw
extruder (Figure 19a). Poor compatibility between the two blended polymers will result
in a thin interface layer that favors pore formation. The low adherent strength between
matrix and dispersed phase eases the formation of interface pores during stretching, thus
improving the porosity and permeability of membranes. Pore-forming agent can be intro-
duced to enhance further the permeability of membranes [654,655]. Ji et al. used the MS-S
technique to fabricate hollow fiber membranes for wastewater treatment [655]. PVDEF,
PTFE, and polyethylene oxide (PEO) were selected as matrix phase, dispersed phase, and
pore-forming agent, respectively. The fabricated membrane showed a high dye rejection
at about 93%. This study also concluded that PEO can be recycled and regenerated as a
pore-forming agent, achieving a sustainable membrane fabrication. In the following work,
they replaced PTFE with PSF as a dispersed phase due to its poorer compatibility with
PVDEF, which increased the porosity of the membrane [656]. The resultant membrane
showed that 150% stretching increased the water flux from 128.0 to 1463.7 LMH/bar with
about 100% of salt rejection.

Electrospinning is a promising candidate for hollow fiber membrane fabrication as it
obtains nanofiber with a large surface area and high porosity. He et al. proposed a novel
UV light radiation-assisted solvent-free electrospinning technique to prepare nanofibrous
for air filtration (Figure 19b) [657]. DR-U301 polyurethane acrylate, which can be easily
cured by UV light, was used as the monomer for electrospinning. The experiment pro-
posed that oxygen atoms in the air will inactivate the free radicals generated from pho-
toinitiators, which suppressed the initiation of polymerization. In addition, a needleless
melt electrospinning method was employed to fabricate oriented fiber polypropylene
membranes for microfiltration [658]. The resultant membrane showed a high rejection for
0.5 pm particles without compromising the water permeate flux. Markova et al. prepared
a PMP-based hollow fiber membrane via melt-electrospinning for gas separation [659].
The resultant membrane in the triaxial braided hose showed CO: permeability in a range
of 40-97.9 Barrer and CO:/CHs selectivity of 4.7-10. The solvent-free method avoids the
challenges related to the removal of solvent and solvent recovery, ensuring a greener and
safer fabrication method compared to the traditional method.

5.2. Modification of Hollow Fiber Membranes via Greener Approach

Green solvents are used as additives during the fabrication of hollow fiber mem-
branes to enhance separation performance. There is a wide range of functional groups in
the green solvent, which can influence the final morphologies, structures, and gas
transport properties of the resultant hollow fiber membranes [660]. Fam et al. deposited
ionic liquids (ILs) onto the surface of hollow fiber by dip coating [661]. The dense selective
ILs layer provided adsorption sites for COz, enhancing the CO: affinity and solubility of
the membrane. Yihdego et al. utilized ILs to modify nanocomposite PEI hollow fibers for
dehydration [662]. ILs were incorporated into carbon capsules and suspended in polydi-
methylsiloxane, followed by dip coated on the hollow fiber support. The resultant mem-
brane demonstrated water vapor permeance of 10,000 GPU and water vapor/N2 selectivity
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of 4500. Zhao et al. utilized the green cross-linking method to fabricate cross-linked PBI
hollow fiber by immersing the support in a K2S:Os/water solution for OSN [108]. The
cross-linked membrane showed a high rejection of rose bengel from acetone at about 99%.
In another work, Li et al. demonstrated green plasma-flow-induced graft polymerization
for hollow fiber cross-linking [663]. The H20 plasma-induced membrane resulting from
surface hydroxylation showed an enhancement in the membrane hydrophilicity with
promising water flux. In addition, Zhang et al. synthesized zwitterionic copolymers via
free radical polymerization in water, followed by in situ grafting of copolymers on the
inner surface of hollow fiber for RO application (Figure 19c¢) [664]. The resultant antifoul-
ing membrane obtained a water permeability of up to 10 LMH/bar and NaCl rejection of
98%. These green-modified hollow fiber membranes demonstrated promising separation
performance similar to the conventional method.
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Figure 19. Schematic diagram of (a) melt-spinning technique with proposed stretching mechanism
[656] and (b) UV light-assisted electrospinning method. Reprinted/adapted with permission from
Ref. [656, 657]. Copyright 2016 and 2021, Elsevier and Royal Society of Chemistry. (c¢) Copolymer
synthesis via free radical polymerization with the proposed grafting mechanism where copolymer
reacts with residual acyl chloride groups on the polyamide surface. Reprinted/adapted with per-
mission from Ref. [664]. Copyright 2019, Elsevier.

5.3. Green Materials for Hollow Fiber Membranes Fabrication

While solvent selection plays an important role in membrane fabrication, the choice
of materials could be another indispensable part of achieving a green and sustainable goal.
Figure 20 illustrates the green materials that can be used to fabricate hollow fiber mem-
branes. Conventional synthetic engineering polymers such as PES and PSF possess good
stability and processability that show excellent performance in membrane separation.
However, the growing awareness of the impact of plastic discharge has initiated the sci-
entific communities to exploit renewable alternatives for membrane fabrication. To date,
there are many renewable polymers available, for instance, biopolymers, bacteria-pro-
duced polymers, and chemically synthesized polymers produced from renewable mono-
mers [665-667].

Cellulose is one of the most abundant biopolymers found in nature. The application
of cellulose as membrane materials started in the 19th century when Sidney Loeb and
Sirivasan Sourirajan first used cellulose acetate to develop a RO membrane [668]. Since
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then, diverse applications of cellulose, cellulose derivatives, and chitosan as membrane
materials have been witnessed in the past few decades. Notably, cellulose-based hollow
fiber membranes have been vastly reported in applications such as seawater desalination
[669], arsenic removal from water [670-672], OSN [673], CO: capture [508,509,529,531,674],
and natural gas sweetening [675]. Polylactic acid (PLA) and polyhydroxyalkanoates
(PHAs) are other types of renewable biopolymers prepared from bacterial fermentation
using bio-sourced monomers (e.g., starch, whey, etc.) [667]. These biopolymers are biode-
gradable in that they degrade at a faster rate compared to those polymers produced from
oil [676]. For the past ten years (2012-2022), there have been over 5000 papers reported on
using PLA for various applications based on the statistics obtained from SCOPUS. Despite
the greener approach, there is only a handful of work that adopted PLA in fabricating or
modifying hollow fiber membranes for water application [676-678], owing to the poor
mechanical properties that restricted their application in the pressure-driven process
[679]. Further studies are crucial to push the feasibility of these materials in membrane
development for environmental benign.

Over the years, polymer recycling has been a hot topic to remediate the impact of
plastic on the environment. Millions of single-use polyethylene terephthalate (PET) pack-
aging have been disposed of daily, creating serious environmental problems due to their
non-biodegradability. Efforts to recycle used PET bottles can be found in making automo-
tive parts, furniture, carpets, soft furnishings, etc. The outstanding chemical and mechan-
ical properties of PET materials have created the opportunity to turn these wastes into
high-value products. This idea was brought out by Rajesh and Murthy, who turned the
waste PET bottles into ultrafiltration membranes prepared via the phase inversion tech-
nique [680]. Additives such as PEG were added to enhance the membrane characteristic
such as hydrophilicity, flexibility, and porosity. Kusumocahyo et al. further developed a
lower-MWCOQO ultrafiltration membrane with improved permeate flux and rejection
[681,682]. In moving forward, recycled PET was used to prepare membranes for oil-water
separation [683,684], NF [685], and air NF [686]. To maximize their industrial implemen-
tation, scaling up into hollow fiber configuration is crucial for long-term sustainable de-
velopment. In addition, polystyrene [687] and poly(styrene-co-butadiene) [688,689] waste
obtained from post-consumer containers and tires, respectively, can also be recycled as
membrane materials for gas separation. Notably, Lai et al. utilized tire waste as a hollow
fiber substrate to prepare supported ionic liquid membranes (SILMs) via dip coating
method [690]. With the optimum spinning condition, the smooth surface on the substrate
enhanced the wetting stability, thus promoting the formation of a defect-free hollow fiber
membrane for promising CO2 capture. These works demonstrated the great potential of
material transformation from waste to high-value products using green engineering and
substantially contributed to the circular economy future.

Moreover, the high fabrication cost of ceramic membranes has actuated researchers
to explore alternative low-cost raw materials to produce these membranes. Bio-waste such
as rice husk, sugarcane bagasse, and oil palm waste were produced from bunches, husk,
or straw and disposed into landfills or burned openly. Valorization of bio-waste into use-
ful materials will be an effective way to reduce the environmental burden. As promising
bio-waste materials that consist of precious oxides such as silicon dioxide (5iO2), alumi-
num oxide (Al20s), and TiO, they are recently reported to be used for the derivation of
green ceramic hollow fiber membrane via phase inversion and sintering technique. For
instance, Hubadillah et al. successfully prepared hollow fiber membranes from crystalline
rice husk burned at 1000 °C and sintered at 1200 °C for seawater desalination via direct
contact membrane distillation [560], Jamalludin et al. used waste sugarcane bagasse ash
calcinated at 800 °C to fabricate ceramic hollow fiber membranes for water filtration [691],
while Tai et al. developed palm oil fuel ash-derived ceramic hollow fiber membrane for
oil-water separation [692]. It is interesting to note that a low sintering temperature is re-
quired to produce these green ceramic hollow fiber membranes, thereby further reducing
the production cost. These studies opened a new avenue of green materials to fabricate
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Figure 20. Sustainable materials used to fabricate green hollow fiber membranes.

6. Conclusions and Perspectives

This comprehensive review synopsizes the fundamental principles of hollow fiber
membranes, including the structural analyses, gas transport theory, and phase inversion
mechanism of these membranes. Additionally, the state-of-the-art hollow fiber mem-
branes in various fields such as liquid, gas and vapor separation, pervaporation, mem-
brane distillation, and membrane contactor have been thoroughly discussed. Emphasis
has been given to the scientific advancements in hollow fiber membranes over the last 5
years, providing up-to-date insights into this technology. Though witnessing the splendid
implementation of hollow fiber membranes in the separation industries for the past few
decades, continuation on striking more feasible and reliable membranes to address the
real-time industrial application is indeed essential. Therefore, the following perspectives
were outlined for future research and studies.

(1) The introduction of nanoparticles during the fabrication of hollow fiber mem-
branes is a promising approach to circumvent the trade-off of water permeability-rejection
or gas permeability-selectivity. Proper tailoring of the microporous properties during
membrane fabrication or post-modification on the nanoparticles is essential to take full
advantage of these materials in contributing to the structural properties as well as separa-
tion performance of resultant membranes in targeted industries. Comprehensive studies
are also needed to tackle the frequently-faced challenges when nanoparticles are intro-
duced in a membrane system, for instance, particle dispersibility, optimum loading, and
interfacial morphology between phases.

(2) While demonstrating impressive implementation in many applications, only a
handful of studies were found using hollow fiber membranes for OSFO despite being
driven by natural osmotic pressure that requires less amount of energy than those pres-
sure-driven separation processes. A recent study highlighted the viability of hollow fiber
membrane for OSFO application in the pharmaceutical industry; hence, continuous efforts
are needed to exploit its potential in this sector.
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(3) Cross-linking and thermal annealing are effective in suppressing CO2-induced
plasticization, especially in polymeric hollow fiber membranes. Nevertheless, the under-
lying mechanism of suppressing plasticization still requires intensive investigation focus-
ing on the fundamental aspects. Likewise, understanding the occurrence of structural re-
laxation is vital to predicting aging behavior, thus developing an ideal membrane for
long-term applications.

(4) Novel strategies to improve the chemical, mechanical, and thermal properties of
hollow fiber membranes are needed to realize their feasibility in the real industrial envi-
ronment. The next-decades hollow fiber membranes shall be robust and practical to sep-
arate flue gas streams containing hazardous and humid gas operated at high pressure,
substituting the energy-intensive cryogenic distillation and pressure swing adsorption.

(5) Green substitutes provide an evolutionary step toward achieving sustainable
goals. Despite the greener approach, these non-toxic solvents are expensive for membrane
manufacturing due to the absence of large-scale production. In order to realize green re-
mediation, itis crucial to investigate the membrane fabrication process from raw materials
until the final stage of post-modification. Bio-waste derived materials, polymer and sol-
vent recycling, cost analysis, and life cycle assessment should be considered for environ-
mental benignity while achieving a circular economy.

In a nutshell, this work highlights the diverse application of hollow fiber membranes
to achieve outstanding separation performance. Undeniably, novel two-dimensional and
three-dimensional membrane materials with excellent pore structure, for instance, gra-
phene, carbon nanotubes, MOFs, and COFs, should be studied to accelerate the develop-
ment of high-performance hollow fiber membranes for various separation applications.
Lastly, initiatives should be taken to design facile and scalable fabrication procedures,
along with the use of low-cost and sustainable materials to broaden the applications of
these membranes.
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2D Two-dimensional

6FDA 4,4'-(hexafluoroisopropylidene) diphthalic anhydride
Abn-NH Amino functionalized acid activated bentonite clay
AF Acid Fuchsin

Ag Silver

AlLOs Aluminium oxide

APTES 3-aminopropyltriethoxysilane

ARS8 Acid Red 88

B2RL Direct Fast Blue B2RL

BBR Brilliant Blue R



Membranes 2022, 12, 539

45 of 71

BCBZ
BPDA
BSA
BSCF
BTB
C2Ha
CsHs
CsHs
CECs
CFB
CHA
CL

Cl-
CMPs
CMS
CO2
COE(s)
CQDs
CR
CTA
c-TiO2
DABA
DAM
DAPE
DCMD
DD3R
DES(s)
DETDA
DIPS
DMAc
DMEF
DMSO
DR23
EBT
ECHA
EDA
ETS-4
EVAL
Fe
FESEM
FO
FRR
GA
GBL
GO
GRL
GTL
He

H2S
IL(s)
K2520s
KNOs/KNO2-BSCF
LCCF
LCF
LSC
LSCF
MB

BaCoo.85Bi0.05Z10.103-5
3,3'-4,4"-biphenyl tetracarboxylic acid dianhydride
Bovine serum albumin
Bao.55r0.5Co0.sFe0.203-5
Bromothymol Blue

Ethane or ethylene

Propylene or propene or paraffin
Propane or olefin

Contaminants of emerging concern
Chromatrope FB

Chabazite

Chitosan lactate

Chloride ions

Conjugated microporous polymers
Carbon molecular sieve

Carbon dioxide

Covalent organic framework(s)
Carbon quantum dots

Congo Red

Cellulose triacetate

Carboxylated TiO2

Diaminobenzoic acid
2,4,6-trimethyl-1,3-phenylene diamine
1,3-diaminopropane

Direct contact membrane distillation
Decadodecasil 3R

Deep eutectic solvent(s)
Diethyltoluenediamine
Diffusion-induced phase separation
Dimethylacetamide
Dimethylformamide

Dimethyl sulfoxide

Direct Red 23

Eriochrome Black T

European Chemical Agency
Ethylenediamine

Engelhard titanosilicate-4
Poly(ethylene vinyl) alcohol

Iron

Field emission scanning electron microscope
Forward osmosis

flux recovery ratio

Glutaraldehyde

Y-butyrolactone

Graphene oxide

Cationic Red X-GRL

Cationic red GTL

Hydrogen

Hydrogen sulfide

Ionic liquid(s)

Potassium persulphate

potassium nitrate/potassium nitrite-BSCF
(Lao.6Cao.4)(Coo.8Fe0.2) Os-»
Lao.sCao.2Fe0.9403-a

Lao6Sro4CoOs-»
Lao.6Sro.4Coo.2Fe0.803-5

Methylene Blue
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MD

MF
MgCla
MIL

MO
MOE(s)
MoS2
MPD
MR
MS-S
MWCNT
MWCO
N2

Na*
Na*-CQDs
Naz250s
NaCl
NADES
NaOH
NF
NH-MWCNT
NIPS
NMP
NO

O2
OARO
OSFO
OSN
OSRO
P(VTES-AA-SSNa)
PA

PAA
PAN
PANI
PBI

PC

PCL

Pd

PDA
PDMS
PEG

PEI

PEO

PES

PET
PHAs
PI/LPSQ
PIMs

PIP

PLA
PMDA-MDA
PMDA-ODA
PMIA
PMMOF
PMP
PPA
PPTA

Membrane distillation

Microfiltration

Magnesium chloride

Materials of Institute Lavoisier

Methyl Orange

Metal organic framework(s)
Molybdenum disulfide
M-phenylenediamine

Methyl Red

Melt-spinning and stretching
Multi-walled carbon nanotubes
Molecular weight cut off

Nitrogen

Sodium ions

Sodium-functionalized CQDs

Sodium sulfate

Sodium chloride

Natural deep eutectic solvent

Sodium hydroxide

Nanofiltration

Amine-functionalized MWCNT
Non-solvent induced phase separation
N-methyl-2-pyrrolidone

Nitric oxide

Oxygen

Osmotically assisted reverse osmosis
Organic solvent forward osmosis
Organic solvent nanofiltration
Organic solvent reverse osmosis
Poly(triethoxyvinylsilane-acrylic acid-sodium 4-vinylbenzenssulfonate)
Polyamide

Polyamic acid

Polyacrylonitrile

Polyaniline

Polybenzimidazole

Polycarbonate

Polycaprolactone

Palladium

Polydopamine

Polydimethylsiloxane

Polyethylene glycol
Polyethyleneimine

Polyethylene oxide

Polyethersulfone

Polyethylene terephthalate
Polyhydroxyalkanoates
Polyimide/ladder-structured polysilsesquioxane
Polymers of intrinsic microporosity
Piperazine

Polylactic acid

Pyromellitic dianhydride-4,4'-diaminodiphenylmethane
Poly(4,4"-oxydiphenylene pyromellitimide)
Poly(m-phenylene isophthalamide)
Polymer-modification-enabled in-site metal-organic framework
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