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Abstract

The poly (phenylene sulfide) (PPS) fiber membrane is composed of interwoven fibers, with a three-dimensional
porous structure. The three-dimensional porous structure makes PPS fiber membranes have high porosity and
large specific surface area, which stands out in the field of membrane separation. A PPS fiber is a high-performance
fiber with excellent chemical and thermal stability. These characteristics allow PPS fiber membranes to be used in
harsh membrane separation environments such as strong acids, alkalis, and high temperatures. However, the
corrosion resistance and high-temperature stability of PPS fibers also make the preparation of PPS fibers and their
membranes challenging. In this paper, the preparation method is summarized, including two direct methods to
make a PPS fiber membrane: melt-blown spinning and melt electrostatic spinning, and two indirect methods: wet
papermaking and weaving. Additionally, the applications of PPS fiber membranes are summarized in detail in
energy and environmental fields, such as lithium-ion batteries, alkaline water electrolysis, air filtrations, chemical
catalyst substrates, and oil-water separations. This review provides an insightful understanding of PPS fiber
membrane preparation methods and the interconnections between these preparation methods and specific
applications, thus laying a solid foundation for further advancing the range of PPS fiber membrane applications.
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INTRODUCTION

Separation technology is an important branch of modern industry. However, traditional separation
techniques, including evaporation', centrifugation®, extraction', ion exchange'”, etc., often suffer from
process complexity, limited selectivity, and high cost. Since the 1960s, a new separation technology known
as membrane separation technology has emerged rapidly. This technology not only offers separation,
concentration, and purification capabilities but also boasts the advantages of simplicity, high efficiency,
energy conservation, and environmental friendliness'”. Currently, membrane separation technology finds
widespread application in various fields such as food”, medicine®, chemical industry"), energy"”,
environmental protection, and water treatment"”. Despite the many advantages of membrane separation
technology, there is large demand on the separation membrane materials in the harsh environment of high
temperatures and strong corrosion. Based on the membrane material, membranes can be classified into
ceramic and polymer types. Ceramic membranes exhibit exceptional thermal stability and corrosion
resistance, but they are challenging to process and lack toughness, limiting their use primarily to the food
and pharmaceutical sectors™. In contrast, polymer membranes, with their easy process, good toughness,
and cost-effectiveness, have become one of the most commonly employed membrane materials in the field
of membrane separation*. However, conventional polymer materials [polyethylene (PE), polypropylene
(PP), etc.] do not exhibit both excellent thermal and chemical stability concurrently. For example, PE has
excellent chemical stability below 80 °C, but it has a high service temperature of 140 °C"". Therefore, there
is a need for a membrane material that can remain stable and efficient over a long period of time in high-
temperature and highly corrosive membrane separation scenarios.

Poly (phenylene sulfide) (PPS) is a thermoplastic polymer material with excellent high-temperature
stability, corrosion resistance and flame-retardant properties. The glass transition temperature, melting
temperature, and decomposition temperature of PPS are 85, 285, and 490 °C, respectively"'”. The molecular
chain of PPS consists of benzene rings alternating with sulfur atoms. The benzene ring structure imparts
heightened rigidity to PPS, and the sulfur atom contributes to the flexibility performance!”. These unique
structures result in PPS fibers having excellent high thermal stability, corrosion resistance, and flame
retardancy. These excellent properties allow PPS fibers and their fiber membranes not only to have a long
lifetime at temperatures as high as 200 °C but also to resist most of the strong acids and alkalis. In addition,
the three-dimensional interlaced fiber membrane structure endows the PPS fiber membrane with high
porosity and large specific surface. This makes PPS fiber membranes advantageous over flat membranes
when used in membrane separations. All these excellent properties make the PPS fiber membrane have
great application prospects in the energy and environment field under extreme environments such as high
temperatures, strong acids, and alkalis. However, the thermostability and corrosion resistance of PPS also
hinder the preparation of PPS fibers and their membranes. Strong corrosion resistance makes PPS difficult
to dissolve at room temperature, and thus, the preparation of PPS fiber can only use melt spinning. High-
temperature resistance makes PPS fiber preparation temperature much higher than that of the general
polymer materials. Furthermore, the melt viscosity of PPS is high, causing it to oxidize easily at high
temperatures. Difficulties in the preparation process are one of the major reasons for limiting the
development of PPS fiber membranes.

In order to promote the development of PPS fiber membranes and to meet the current demand for
separation membranes in the energy and environmental applications, it is imperative to understand their
preparation methods and their relevance to different applications. In this paper, four major preparation
methods of PPS fiber membranes are described in detail, including two methods of directly preparing PPS
fiber membranes (melt-blown spinning and melt electrostatic spinning) and two methods of indirectly
preparing PPS fiber membranes (wet papermaking and weaving). Moreover, the applications of PPS fiber
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membranes prepared by these four preparation methods mentioned above are discussed in detail in the
energy and environmental fields. This paper guides future research on the relationship between the
preparation methods and their corresponding applications.

PPS FIBER

The development history of PPS fiber

PPS was first discovered in 1888 by Charles Friedel and James Mason Crafts as a byproduct"®. In 1968,
Phillips Petroleum Company pioneered the synthesis of linear PPS resins and named the technique the
Phillips method or sodium sulfide method. This method was then successfully industrialized by the
company in 1973. It successfully developed fiber-grade PPS resin in 1979 and achieved industrial-scale
production of PPS fiber staple in 1983, naming the product of “Ryton”. Since then, the company has had a
monopoly on the PPS resin and fiber industry. However, the monopoly persisted until 1985, when the
patent protection expired. Subsequently, Toray Company and Toyo Spinners Company independently
developed their PPS fiber products. In the 21st century, Toray Company acquire the PPS staple fiber
business of Fibers & Yarns Company, becoming the world’s largest supplier of PPS fibers. Due to the
complex and intricate process of PPS fiber production, many companies in this field have either merged or
ceased operations. The timeline of PPS fiber development history is shown in Figure 1.

Properties of PPS fiber

Corrosion resistance

PPS is one of the most corrosion-resistant polymer materials, with a resistance level that is almost equal to
that of polytetrafluoroethylene (PTFE)". It is virtually insoluble in any solvent at temperatures as high as
200 °C"™. This inherent chemical resistance allows it to withstand a range of acidic and alkaline substances
while maintaining its tensile strength. Wang et al. examined the acid resistance properties of PPS fibers by
treating them with hydrochloric acid and sulfuric acid”". Notably, these fibers were brittle and turned into
yellow solids only when subjected to acid concentrations as high as 6 mol.

High-temperature resistance

PPS fibers can be used continuously at temperatures from 190 to 220 °C*”. There is minimal weight loss, or
none at all, in both air and nitrogen atmospheres up to 400 °C. However, when the temperature exceeds
100 °C, the degree of oxidation of PPS fibers will increase dramatically with the increase in temperature®’.
Consequently, many industrial applications that involve high-temperature exhaust from factories, such as
dust filter bags, incorporate antioxidants to improve the oxidation resistance of PPS fibers"**.

Flame retardancy

PPS is structurally stable and has a flame-retardant element, sulfur, which gives PPS fibers an ultimate
oxygen index of 34. The combustion rate and smoke production of fibers are remarkably low, and the flame
extinguishes naturally upon removal. Remarkably, PPS fibers achieve excellent flame retardant properties
without the addition of any flame retardants™’.

Dielectric performance

PPS fibers exhibit a dielectric constant ranging from 3.9 to 5.1 and a breakdown strength between 13 and
17 kV mm™. These characteristics render PPS fibers excellent electrical insulators®’. Even in demanding
conditions characterized by high temperatures, pressures, and frequencies, these fibers maintain their
superior electrical insulation capabilities"”.
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Figure 1. The timeline of PPS fiber development history.

Preparation method of PPS fiber

Due to their resistance to dissolution at room temperature, the major preparation method of PPS fibers is
melt spinning®’. The main challenge in melt spinning PPS fibers is the high demand for resin feedstock,
which requires suitable melt viscosity and relatively high molecular weight””. Inadequate molecular weight
and purity of the resin feedstock can lead to thermal cross-linking and tow breakage during spinning and
ultimately severely affect fiber properties”'. Normal injection molding grade PPS resins have a high melt
viscosity and cannot be used directly for spinning. Therefore, the development of low-viscosity PPS resins
tailored for spinning is a crucial facet in augmenting PPS fiber quality”®. In addition, the cooling and
crystallization process of the melt is also an essential part of PPS fiber preparation. After extrusion from the
spinneret through screw-driven efforts, the PPS melt requires ring blowing technology to promote the
cooling crystallization of PPS fibers. After spinning, a series of treatments are necessary to achieve the
desired fiber properties, including oiling and multi-stage stretching. The oiling is designed to cool and
crystallize the fibers while contributing to fiber bunching, while stretching is used to improve the
orientation and mechanical strength of the fibers">*”. The research by Zhang et al. delved into the influence
of spinning speed on PPS fiber melt spinning, revealing that excessively high speeds can cause fiber
breakage and compromise spinnability. The effect of the post-treatment process on the mechanical
properties of PPS fibers was studied by Gulgunje et al. Extremely high or low temperatures resulted in a
decrease in the mechanical strength of PPS fibers™. A high temperature can lead to the degradation of PPS
fibers, while a low temperature could make PPS fibers insufficiently oriented and crystallized.

Industrial production of PPS fibers primarily employs melt spinning, resulting in fiber products primarily
composed of cotton-like staple fibers. These fibers are mainly used in the production of high-temperature
dust filter bags for the purification of high-temperature exhaust gases in factories. Typically, industrially
manufactured PPS fibers exhibit a diameter of approximately 20 um. However, PPS fiber membranes
crafted from fibers of such dimensions can potentially give rise to issues such as substantial thicknesses and
overly large pore sizes. Therefore, the development of ultra-fine PPS fibers is one of the important
development directions in the PPS fiber spinning industry. This not only puts forward higher requirements
for PPS resin raw materials but also requires the improvement of spinning process equipment and
conditions.
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PREPARATION METHODS OF PPS FIBER MEMBRANES

Melt-blown spinning

Melt-blown spinning is a distinct subtype of melt spinning. In this technique, the polymer melt is extruded
through a capillary tube, accompanied by the introduction of compressed air on both sides of the tube. The
fractured end of the compressed air influences the polymer melt, drawing it into a microfiber network.
Simultaneously, a rotating roller is positioned beneath to collect the ejected fiber web”**” [Figure 2A]. The
process of melt-blown spinning requires a specific viscosity of the polymer melt. If the viscosity is too high,
it can impede successful draft molding under high-pressure air conditions. Due to the high viscosity of PPS
melt and its vulnerability to thermal oxidation at elevated temperatures, producing PPS fiber membranes
through melt-blown spinning presents a formidable challenge. To address these challenges, Hu et al.
undertook the screening of high melt index PPS resins tailored for melt-blown spinning, culminating in the
successful production of PPS fiber membranes with diameters ranging from 2 to 5 um"™. Hu et al. further
explored the influence of temperature on PPS melt-blown spinning, revealing that low temperatures hinder
PPS melt flow, while higher temperatures trigger premature oxidative denaturation and spinneret clogging.
Experiments have shown that 330-350 °C is the optimal temperature range for melt-blown spinning of PPS
fibers, which is obviously higher than the spinning temperature of ordinary PPS fibers"". Yu et al. prepared
melt-blown PPS fiber membranes with fiber diameters in the range of 2-6 pm [Figure 2B and C] by
screening the resin melt viscosity and improving the spinning equipment and process™.

The melt-blown spinning technique facilitates the rapid preparation of PPS fiber membranes. However, due
to the high viscosity of PPS melt, achieving melt-blown spinning for PPS fiber membranes necessitates
elevated technical prerequisites. Currently, there is no fully developed technology for preparing PPS fiber
membranes via melt-blown spinning. Furthermore, due to the inherent randomness associated with melt-
blown spinning, the resultant fiber membranes tend to exhibit substantial pore sizes. This characteristic
substantially restricts its direct applicability in certain membrane separation contexts.

Melt electrostatic spinning

Electrostatic spinning is a technique that involves extraction of a polymer solution or melt from a syringe
and then stretching into nanofibers under the action of a high-voltage electrostatic field [Figure 2D]"***.
This technique enables the direct preparation of nanoscale fiber membranes. One of the most notable
developments in this area is melt electrostatic spinning, which employs melt stretching and cooling
formation directly under a high-voltage electric field*”. This approach circumvents the solvent-related
contamination associated with traditional solution electrostatic spinning*. However, unlike solutions, the
high viscosity of melts makes it necessary to have higher high-voltage electrostatic fields in order to draw
them into nanofibers, which puts higher demands on the equipment for electrostatic spinning. This
technology is capable of preparing nanofibers from some polymers (PE, PTFE, etc.) that are insoluble at
room temperature™’. Melt electrostatic spinning offers a rapid and environmentally friendly method for
preparing these polymers into nanofiber membranes.

Due to the indissolubility of PPS at room temperature, PPS nanofibers can only be spun by melt
electrostatic spinning. Due to the heightened viscosity exhibited by PPS melt during melt electrostatic
spinning, An et al. resorted to blending PP and PPS to enhance melt fluidity. By optimizing the melt
electrostatic spinning process, they successfully prepared PPS fiber membranes with an average fiber
diameter of 4.12 pm". Further employing the melt differentiation technique within melt electrostatic
spinning, Chen et al. achieved a PPS fiber membrane boasting an average fiber diameter of 1.28 um
[Figure 2E]"". In another approach, Fan et al. introduced inert gas during the melt electrostatic spinning
process to mitigate thermal oxidation of PPS at elevated temperatures*’. The resultant PPS fiber membrane
displayed a fiber diameter of less than 8 um and commendable tensile strength [Figure 2F]. Kou et al.
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Figure 2. (A) Schematic of melt-blown spinning. (B) SEM of PPS melt-blown fiber membrane. (C) Photograph of PPS melt™. (D)
Schematic of melt electrostatic spinning. (E) SEM of PPS melt electrostatic spinning fiber membrane™””. (F) Photograph of PPS melt
electrostatic spinning fiber membrane™®’.

adopted an alternative route, employing polyvinyl alcohol (PVA) as a sacrificial template and
polyacrylonitrile (PAN) as a carrier substrate to form PPS composite nanofiber membranes via solution
electrostatic spinning*’. Subsequent sintering and removing of PVA caused the PPS particles to melt into
fibers, while PAN transitioned into a more stable ring-bound structure during sintering.

Melt electrostatic spinning enables direct preparation of ultra-fine PPS fiber membranes. However, this
method necessitates the use of high-voltage electric fields, leading to considerable energy consumption.
Furthermore, the yield achieved through melt electrostatic spinning remains limited. This technique also
remains largely within the realm of laboratory research, with significant strides required before its practical
implementation for production.

Wet papermaking

Wet papermaking is a well-established material preparing technology with a history spanning thousands of
years. First, fibers are broken down into pulp (a mixture of fiber and water), which is then dispersed evenly
in water. After filtration, the dispersed fibers coalesce to prepare wet paper, which is then dried and pressed
to prepare the final paper product [Figure 3A]"". In modern iterations, the range of papermaking raw
materials has expanded beyond traditional plant fibers, including inorganic and synthetic fibers"'.

Capitalizing on its attributes such as reduced thickness, favorable wettability, and heightened porosity,
paper serves as a versatile fiber membrane in diverse membrane separation domains. However, producing
synthetic fiber-based paper differs from the conventional practice of using plant fibers. Synthetic fibers,
which are almost universally hydrophobic, present challenges in achieving uniform dispersion within water.
To overcome these challenges, the incorporation of dispersants is necessary to facilitate even dispersion. As
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synthetic fibers remain free in water, swift filtration can lead to uneven paper preparation. The strength of
wet and dry paper made from synthetic fibers is inherently limited due to the lack of inherent bonding.
Therefore, high-temperature rolling technology is necessary to prepare synthetic fiber paper with excellent
mechanical properties. High-temperature rolling results in thermal cross-linking of the synthetic fiber
paper, thereby increasing its mechanical strength™.

Synthetic fibers used in wet papermaking are mainly staple fibers and fiber pulp. The staple fibers are
usually only a few millimeters in length. High-performance synthetic fibers, such as PPS, do not lend
themselves to conventional precipitation-based pulp formation due to their resistance to dissolution at
room temperature. Therefore, PPS fibers must be made into fiber pulp by mechanical pulping.
Furthermore, ordinary PPS fibers, due to their large fiber diameter and hydrophobic surface, do not lend
themselves well to wet papermaking. Preparing fiber membranes directly through wet papermaking
utilizing these ordinary PPS fibers results in pronouncedly large pore sizes and thicknesses. Additionally,
since PPS fibers lack inherent bonding, laminating them with fibers endowed with bonding strength can
achieve fiber membranes with robust mechanical strength®>**. Zhu ef al. used melt-blown PPS nonwoven
fabrics with fiber diameters averaging around 2-6 pm as raw materials, combining them with aramid
nanofibers (ANFs) to create a PPS/ANFs composite fiber membrane, 50 pm thick™!. This composite fiber
membrane had a porosity of 65.9% and a tensile strength of 9.8 MPa. They further incorporated cellulose, an
environmentally friendly, hydrophilic, chemically stable, and thermally stable nanofiber, along with PPS
fibers to prepare a fiber membrane™*. The abundance of cellulose nanofibers helps regulate the pore size
structure of the PPS fiber membrane. Inherent hydrogen bonding in cellulose enhances the mechanical
strength of the composite fiber membrane. Yu et al. utilized ultrafine PPS fibers with an average fiber
diameter of 1 um obtained through the island spinning method*”. By amalgamating this fiber material with
nano-sized glass fibers through the papermaking technique, they achieved a PPS composite fiber membrane
34 um thick, marked by a porosity of 65.4% and a tensile strength of 22.2 MPa.

As a promising approach to industrialization, wet papermaking holds significant potential for the
preparation of PPS fiber membranes. However, the majority of PPS fibers are in the form of cotton-like
staple fibers, featuring lengths of 5-6 cm. These fibers are not conducive to wet papermaking practices.
Therefore, there is a pressing need to develop PPS staple fibers or pulp that align with the prerequisites of
wet papermaking.
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Weaving

Weaving is the formation of two-dimensional and even three-dimensional structures based on one-
dimensional yarns interwoven'”. This regular interlocking of fibers leads to robust mechanical properties in
woven fiber membranes. The transformation from individual fibers to woven fiber membranes
encompasses stages including twisting (combining multiple bundles of fibers into a single bundle), warping
(rotating a bundle of fibers in a spiral), drawing-in (Fiber bundles with helical structures are shaped by
heating), and weaving [Figure 3B]"*. High-temperature filter bags made of woven PPS fibers have been
widely used in factories for dust removal and filtration of high-temperature exhaust gases. Specific
applications may also necessitate additional processes such as hot pressing, surface coating, and
modifications of the woven fiber membrane. Both short and long PPS fibers can be employed to fabricate
woven fiber membranes. Long fiber membranes generally exhibit higher breaking strengths, whereas short
fiber membranes tend to possess greater porosity. Nevertheless, the average pore size of both membrane
types exceeds 50 pm, which proves excessively large for most membrane separation purposes.

To address the challenge of overly large pore sizes in woven fiber membranes, current research leans
towards composite membranes constructed on the foundation of woven fiber networks with internal and
surface coatings of inorganic oxides. Leveraging the fiber woven network as a substrate effectively bolsters
the mechanical robustness of the composite membrane, thereby extending the operational lifetime of the
membrane™*. A case in point is the Zirfon membrane, which employs a woven network of PPS fibers
coated with ZrO, and polysulfone (PSU)"". These Zirfon membranes are applied in alkaline water
electrolysis (AEL). This organic-inorganic composite separator combines the toughness of polymer
materials with the small pore size and hydrophilicity of inorganic ceramic materials.

In general, ordinary PPS woven fiber membranes contend with notable pore sizes and substantial thickness.
Remedying these challenges requires enhancements spanning the fiber diameter and weaving process.
Furthermore, the primary concern associated with composite PPS woven fiber membranes that utilize a PPS
fiber woven network as a substrate lies in achieving strong bonding between the substrate and coating layer.
Insufficient bonding could significantly curtail the operational lifespan of such composite woven fiber
membranes.

ENERGY APPLICATIONS

Lithium-ion batteries

Lithium-ion batteries are a crucial energy storage technology in contemporary applications such as mobile
devices and electric vehicles'®. They consist of cathode, anode, electrolyte, and separator components
[Figure 4A]. The separator serves two purposes: it separates the cathode and anode to avoid short circuits
and ensures the transfer of ions between the cathode and anode'*”. The porosity, electrolyte wettability, and
heat resistance of separators significantly influence the capacity, cycling performance, and safety of lithium
ions. Lithium-ion battery separators can be classified into microporous, nonwoven, electrostatic spinning,
surface-modified, and composite separator variants'®. Commercialized lithium battery separators typically
feature polyolefin-based microporous separators derived from PP or PE, which excel in mechanical
properties, corrosion resistance, and affordability. However, the limited electrolyte wettability, subpar flame
retardancy, and notable thermal shrinkage of polyolefin separators precipitate safety concerns in assembled
lithium-ion batteries'*”. The rapid charging and discharging of lithium-ion batteries can lead to overheating.
Polyolefin separators are thermally unstable and susceptible to shrinkage in extreme environments,
potentially culminating in battery short-circuiting. Such a short circuit could trigger uncontrollable internal
chemical reactions, liberating excessive heat and potentially resulting in fires or explosions. This is
evidenced by instances such as battery fires in Tesla electric cars, Samsung cell phones, and Boeing
airplanes'®’. The PPS fiber has excellent thermal stability, and its working temperature can reach 200 °C.
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This ensures the resistance of separators to shrinking during overheating, thereby mitigating safety concerns
related to short circuits and overheating. Moreover, fiber membranes offer higher porosity and a more
uniform pore structure, diminishing the formation of lithium dendrites when used as separators, enhancing
cycling and safety attributes of lithium-ion batteries'”. Therefore, the utilization of PPS fiber membranes as
lithium battery separators not only improves battery cycling performance but also prevents overheating and
short-circuit safety issues.

In the realm of researching PPS fiber membrane applications in lithium-ion batteries, two primary
membrane types emerge: melt-blown fiber membranes and wet papermaking fiber membranes. Melt-blown
processing facilitates the rapid preparation of PPS fiber membranes with diminutive fiber diameters.
However, the inherent randomness of this process leads to uneven pore size distribution in PPS fiber
membranes, rendering them unsuitable for direct application as lithium battery separators and prone to
self-discharge and erratic current distribution*”. To address this issue, a physical coating approach is pivotal
in optimizing the pore size and distribution of PPS fiber membranes. Luo et al. coated melt-blown PPS fiber
membranes with poly(vinylidene fluoride-hexafluoropropylene) (PVDE-HFP) and inorganic nanoparticles
SiO, to refine membrane pore characteristics and enhance electrolyte wettability on the surface'™.
Alternatively, a cross-linked polymer network could be generated on the surface of melt-blown PPS fiber
membranes by reacting PVDF-HFP with hyperbranched polyethylenimine (PEI), thereby increasing the
electrolyte absorption capacity and ionic conductivity of membranes while enhancing mechanical strength
[Figure 4B]". However, melt-blown PPS fiber membranes still have a high thickness, which leads to
increased impedance in lithium-ion batteries, reducing capacity and cycling performance.

On the contrary, wet papermaking is achieved through the uniform dispersion of fibers in water to achieve a
uniform stacking of fibers into a membrane, which ultimately forms a superior pore size structure.
However, these fibers remain only interlinked by crossing each other, resulting in relatively modest
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mechanical strength. To address this concern, ongoing research is focusing on two mechanisms: the
formation of a polymer cross-linking network on the PPS fiber membrane surface””” and the integration of
other fibers in composite wet papermaking membranes. Composite papermaking fibers encompass
ANFs"™, cellulose fibers (CFs)"***, and glass fibers™". The excellent thermal stability of ANFs makes ANFs/
PPS composite membranes virtually heat-shrinkage free at 200 °C [Figure 5A-D]. The nanoscale fiber
structure makes ANFs/PPS composite membranes have high porosity and small pore size, which makes the
surface of the membrane well wettable for the electrolyte [Figure 5E-H]. ANFs are also excellent flame-
retardant fibers, and the composite with PPS fibers obtains a good flame-retardant effect [Figure 5I and J].
In addition, the high strength of aramid and the bonding between fibers greatly enhance the mechanical
strength of ANFs/PPS composite membranes, which reaches 9.8 MPa. CFs are transformed into abundant
nanofibers upon pulping, boasting augmented mechanical strength through chemical bonding. The
hydroxyl groups on the CF surface engage in hydrogen bonding with the electrolyte, thereby ameliorating
membrane wetting behavior™. Zhu et al. used a wet papermaking process to prepare a natural CFs/PPS
fiber composite membrane with mechanical strength of 20.52 MPa, which was superior to the transversal
direction strength of the Celgard 2400 separator (10.44 MPa) [Figure 5K]*”. A glass fiber, being an
inorganic fiber, differs from polymer fibers in its characteristics. The combination of glass and PPS fibers in
a composite wet papermaking membrane necessitates careful consideration of the interfacial bond between
these two types of fibers. Yu et al. prepared ultra-fine PPS fibers with an average fiber diameter of 1 um by
island spinning™”. These ultrafine PPS fibers were then combined with nano glass fibers via a silane
coupling agent, preparing a membrane through the wet papermaking process [Figure 4C]. The strong bond
between the silane coupling agent-treated PPS fibers and the glass fibers resulted in a composite fiber
membrane with a tensile strength of 22.2 MPa [Figure 5L]. Additionally, the diameter of PPS fibers
fabricated by island spinning is small (1 pm), and the PPS fiber membrane prepared from it has uniform
and small pores. The Li|separator|Li symmetric cells show excellent electrochemical performance and stable
voltage plateau after cycling at 2.5 mA cm? for 1,000 h [Figure 5M]. The uniform pore structure results in a
more uniform deposition of lithium metal, which, in turn, reduces the growth of lithium dendrites and
improves the overall cycle stability of the battery. The capacity retention rate is up to 95.6% even after 200
cycles at 1 C [Figure 5N]. A comprehensive overview of the research on PPS fiber membranes in lithium-
ion battery applications is provided in Table 1.

In summation, PPS fiber membranes prepared from the wet papermaking process exhibit small and
distributed pore sizes compared to those prepared by the melt-blown spinning. With ongoing advances in
synthetic fiber for wet papermaking, the prospects of large-scale production and actual deployment of wet
papermaking PPS fiber lithium-ion battery separator membranes are promising. Despite their promising
properties, PPS fiber membranes are currently more expensive than the commonly used PP separators in
lithium-ion batteries. In comparison to aramid separators, PPS fiber membranes are more affordable, but
their mechanical property is not enough. This highlights the need for further research and development to
improve the cost-effectiveness and high-performance PPS fiber membranes, making them a more attractive
option for use in various applications.

Alkaline water electrolysis

Hydrogen energy is regarded as the ideal clean energy source in the future, and water electrolysis for
hydrogen production is considered a clean and environmentally friendly method. There are four significant
techniques for hydrogen production through water electrolysis: AEL, polymer electrolyte membrane water
electrolysis (PEMWE), anion exchange membrane water electrolysis (AEMWE), and solid oxide water
electrolysis (SOEC)"". Among these, AEL is currently the most technologically mature and least
expensive'”. The separator plays a crucial role in AEL, serving two primary functions: (1) Enabling the free
movement of ions within the electrolyzer. The interfacial affinity between separators and electrolytes has a
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Table 1. Summary of PPS fiber membranes in lithium-ion battery applications
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. . . . . - lon
. . Thickness Porosity  Electrolyte Tensile strength Dimensionally stability .. .
Materials Preparation method (um) (%) uptake (%) (MPa) temperature (°C) :;nsd::::\)nty Cycling performance Refs.
PVDF-HFP/SiO,-PPS Dip-coating and melt- n4a 573 230.1 49 250 °C, 0.5 h no shrinkage 1.02 85.1% after 50 cycles at [69]
blown spinning 0.2C
PVDF-HFP/PEI-PPS Dip-coating and melt- 95 65 197 1.35 200 °C, 0.5 h no shrinkage 0.52 91.8% after 100 cycles  [70]
blown spinning at0.5C
PVDF-HFP/PEI/SiO,-PPS  Dip-coating and 49 71 254 9.9 250 °C, 1h no shrinkage 0.69 98% after 100 cycles at [71]
papermaking 0.2C
PDMSDGE/PVDF- Dip-coating and 55 70 230 19.9 200 °C, Th no shrinkage 0.59 85% after 200 cycles at [72]
HFP/PEI-PPS papermaking 05C
ANFs/PPS Papermaking 50 65.9 240.7 9.8 200 °C, 0.5 h no shrinkage 1.43 92% after 100 cycles at  [55]
05C
CFs/PPS Papermaking / 61.1 259.6 20.52 200 °C, 0.5 h no shrinkage 1.26 90.3% after 100 cycles  [53]
at0.5C
BC/PPS Papermaking 60 62.7 216.2 ~18 200 °C, 0.5 h no shrinkage ~1.55 91.3% after 100 cycles  [54]
at0.2C
GNF/PPS Papermaking 34 65.4 270.7 22.2 250 °C, 0.5 h no shrinkage 143 95.6% after 200 cycles [56]
at1C

PDMSDGE: Polydimethylsiloxane; ANFs: aramid nanofibers; CFs: cellulose fibers; BC: bacteria cellulose; GNF: glass nanofibers.

direct impact on the internal resistance of the electrolyzer, thus influencing the energy consumption and overall efficiency. Furthermore, a hydrophobic
separator can lead to hydrogen and oxygen accumulation on either side, hampering ion transfer efficiency and gas purity at the outlet; and (2) Segregating the
hydrogen and oxygen produced in the electrolyzer. The gas-tight property of the separator is crucial in maintaining gas purity at the outlet, also affecting the
safety of the electrolyzer due to the differential pressure fluctuations during operation"””. To reduce the internal resistance of the electrolyzer in the industry,
the electrode net and separator are superimposed simultaneously. The schematic of this zero-gap electrolyzer is shown in Figure 6A.

Initially, asbestos was used as a separator in AEL. However, the dissolution and chemical instability of asbestos in high-temperature alkaline electrolytes led to
shortened lifespans”. Moreover, asbestos is categorized as a carcinogenic substance and has been prohibited by the International Health Organization"””. PPS
fibers have several attractive properties, such as impressive mechanical properties, robust alkali resistance, and outstanding electrochemical traits. These fibers
can effectively replace asbestos in conventional AEL separators by being prepared into woven fabrics. However, the hydrophobicity of the PPS woven fabric
and the large pores created by the weave result in high hydrogen permeability and energy consumption in the electrolyzer. Therefore, PPS woven fiber

membranes require further modifications to enhance their hydrophilicity and airtightness"™.
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Figure 5. Photographs of Celgard 2400 and 15% ANFs/PPS membrane before and after heat treatment at different temperatures for
30 min: room temperature (A), 150 °C (B), 175 °C (C), and 200 °C (D). Wettability images of Celgard 2400 and 15%ANFs/PPS
membrane: The images of the liquid electrolyte just (E) and after 30 s (F) dripped to the surface. Contact angle images of the Celgard
2400 separator (G) after dripping 2 pL liquid electrolyte for 60 s and the ANFs/PPS membrane (H) after dripping 2 pL liquid electrolyte
for 5 s. Ignition tests of Celgard 2400 (1) and 15% ANFs/PPS membrane (J)™%.(K) The stress-strain curves of Celgard 2400 separator
in machine direction (MD) and transversal direction (TD) and CFs/PPS-1/1 separatorm].(L) The stress-strain curve of PPS-GNFs-20%
and PPS-mGNFs-20%. (M) Electrochemical performance of cells with Celgard 2400 and PPS-mGNFs-20% membrane. Voltage
profiles of the Li|separator|Li symmetric cells at 2.5 mA cm™ 5 mAh cm™ (N) Cycling performance of the cells”®.Celgard 2400: A
commercially available PP lithium-ion battery separator; Li|separator|Li symmetric cells: a battery system for testing the long cycle
stability of lithium-ion batteries.

To enhance the hydrophilicity and airtightness of PPS fiber woven membranes, two primary methods have
been reported: surface modification [Figure 6B] and inorganic nanoparticle coating [Figure 6C]. Surface
modification techniques include cross-linking”, sulfonation®, and grafting®’. Inorganic nanoparticles
include ZrQ,**! TiO,", and CeO,"™. The direct surface modification of PPS fiber woven membranes
offers a convenient and cost-effective avenue. For instance, sulfonation is the enhancement of hydrophilicity
by introducing sulfonic acid groups to the surface of PPS fibers. Sun et al. investigated the impact of
sulfonation and hot roller rolling on PPS fiber woven membranes, revealing the enhanced alkaline solution
absorption through sulfonation and improved airtightness via hot roller pressing®**”. However, this surface
modification compromises fiber integrity, resulting in reduced mechanical properties and longevity of the
membrane. The surface modification cannot fundamentally change the poor hydrophobicity and
airtightness of PPS fiber woven membranes. The selectivity, permeability, and mechanical properties of the
composite separator could be maximized by preparing a composite membrane consisting of one or more
membranes on a porous substrate™. Therefore, a composite membrane with PPS fiber woven mesh as the
substrate coated with inorganic particles may be necessary to achieve the desired hydrophilicity and
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Figure 6. (A) Schematic of zero-gap electrolytic cell. (B) Surface modification of PPS woven membrane. (C) Sandwich structure of
composite separator.

airtightness. This approach would combine the benefits of PPS fibers with the superior hydrophilicity and
airtightness provided by the inorganic nanoparticles.

The Zirfon membrane developed by Agfa (Belgium) is a typical example of composite separators. The
coating consists primarily of hydrophilic ZrO, nanoparticles and PSU™. The Zirfon membrane exhibits a
sandwich-like structure, featuring distinct pore size regions: a 30 nm pore formed by ZrO, nanoparticles
and a larger pore of over 1 um formed by the PSU network™. In Lee et al. from the Korea Energy and
Hydrogen Research Institute explored the ZrO, to PSU ratio in Zirfon membranes"'. Notably, 85 wt% of
ZrO, nanoparticles in the Zirfon membrane had the lowest ohmic resistance (approximately 0.2 Q cm?),
while 75% wt% of ZrO, nanoparticles achieved optimal gas tightness, resulting in a low hydrogen
permeability (4 x 10" mol bar” s cm™). Although the Zirfon membranes display low ohmic resistance and
hydrogen permeability, ZrO, nanoparticles are not strongly bound to PSU. Qiu et al. further introduced
polyvinylpyrrolidone (PVP) to the coating slurry to create Zirfon separators with reduced ohmic resistance
(0.1 Q cm?), minimal hydrogen permeability (0.2 x 10> mol bar” s cm™), and exceptional durability (stable
operation under 80 °C and 30 wt% KOH solution for 300 h) through adjustments to solidification bath
temperature and PVP quantity®’. The critical factors affecting separator ionic conductivity and gas
resistance are the electrical conductivity and particle size of inorganic nanoparticles. Therefore, Ali et al.

employed zirconia toughened alumina as an inorganic filler to further enhance the electrical conductivity of
ZrO, and reduce the ohmic resistance of the separator to 0.15 Q cm**”. Lee et al. also compared the effect of
CeO, nanoparticles with different particle sizes on composite separators®’. Scanning electron microscope
(SEM) of the separator sections showed that CeO, bonded better to the PSU than that of ZrO, [Figure 7A].
The 10 nm CeO, [Figure 7B] showed a significant aggregation, while 50 nm [Figure 7C] and 100 nm
[Figure 7D] CeO, were well dispersed. Further characterization revealed that good CeO, dispersion was
found with a size of ~100 nm. The composite membrane, with relatively small pore size (77 nm), reduced
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Figure 7. (A) Cross-sectional SEM images of Zirfon. Cross-sectional SEM images of composite membrane of different particle sizes of
CeO, (B) 10 nm, (C) 50 nm, (D) 100 nm™**. Polarization curves (E) Z80C5 in 10 wt% KOH (F) Z80C5 in 30 wt% KOH. Nyquist
impedance plots (G) Z80C5 in 10 wt% KOH (H) Z78C7 in 30 wt% KOH. Catalysts: Raney Ni/NiFe-LDH (nickel-iron layered double
hydroxide). The sample named Z80C5 indicates the separator composed of 80 wt% ZrO, and 5 wt% CNCs. The Raney Ni and NiFe-
LDH are both commonly used electrode catalyst materials in alkaline water electrolysis.

ohmic resistance (0.16 Q c¢cm?), and hydrogen permeability (1.2 x 10" mol bar’ s cm™), surpasses
commercial Zirfon membranes. Another innovative approach involved mixing cellulose nanocrystals
(CNCs) with ZrO, to prepare composite separators with heightened hydrophilicity. This led to diminished
ohmic resistance (0.18 Q cm?®) and hydrogen permeability (4.7 x 10> mol bar* s cm™) at low electrolyte
concentrations (10 wt% KOH)®". The hydrogen generation rate of the electrolyzer is higher for the Z8oCs
(membrane composed of 80 wt% ZrO, and 5 wt% CNCs) membrane than that of the Zirfon membrane,
both at 10 wt% KOH and 30 wt% KOH [Figure 7E and F]. The hydrophilic Z80C5 membrane has a low
ohmic resistance compared to the Zirfon membrane in both 10 wt% KOH and 30 wt% KOH
[Figure 7G and H]. A comprehensive overview of the research on PPS fiber membranes in AEL applications
is provided in Table 2.

While composite separators made with inorganic nanoparticles exhibit lower ohmic resistance and
hydrogen permeability than those made of woven PPS fiber membranes, their cost is significantly high.
Furthermore, the continuous shedding of inorganic particles from the surface of composite separators due
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Table 2. Summary of PPS fiber membranes in alkaline water electrolysis application

. ., Bubble point Area Hydrogen
. Thickness Porosity . o
Materials (um) (%) pressure resistance permeability Electrolyte Refs.
s ° (bar) (Qcm?) (molbar's” cm™)

PPS staple fiber membrane 300 73 279 %107 0.191 / 30 wt% [87]
KOH

PPS filament fiber membrane 300 43.8 3.08x10° 0.159 / 30 wt% [87]
KOH

Zr0O,/PSU composite 478 7 493 3.8+0.1 0.35+0.2 42x10™ 30 wt% [91]

membrane KOH

(ZrO,:PSU =75:25)

ZrQ,/PSU composite 484 +7 55.8 1.5+£0.1 0.21£0.1 ~20%10™ 30 wt% [91]

membrane KOH

(ZrO,:PSU = 85:15)

ZrO,/PSU /PVP composite 300 / / 0.1 20x10™ 30 wt% [60]

membrane KOH

CeO,/PSU composite 460+25 46+2 4+£01 0.16 +£0.02 12%10™ 30 wt% [85]

membrane KOH

Zr0O,/PSU/CNCs composite 468+30 41 6.6+0.5 0.18 47x10™" 10 wt% KOH [93]

membrane

to prolonged use significantly increases the need for frequent replacements, which can reduce the cost. This
makes composite separators uncompetitive in the AEL market. Therefore, reducing the cost of composite
separators and improving their service life is the focus of future research on composite separators.

Comparison between lithium-ion battery separators and alkaline water electrolysis separators

The three-dimensional porous structure of PPS fiber membranes makes them highly suitable for use as
separators in lithium-ion batteries and AEL. However, there are some important differences between the
requirements of these two types of separators. Lithium-ion battery separators demand exceptional thermal
stability and good wetting with the different electrolytes. Additionally, it also necessitates a thinner and
more uniform pore structure to ensure consistent performance”’. On the other hand, AEL separators
require not only exceptional thermal stability of the material but also robust chemical stability at high
temperatures. Furthermore, the structure must have a sufficient thickness and a very small pore size to
prevent gas crossings*”. Despite these differences, PPS fibers exhibit both excellent thermal and chemical
stability, making them ideal for both types of separators. The versatility of PPS fiber membranes lies in the
fact that their thickness and pore size can be achieved by different preparation processes, which makes them
a very promising membrane material for the energy field.

ENVIRONMENTAL APPLICATIONS

Air filtration

In recent decades, the rapid development of industry has led to the accumulation of particulate matter (PM)
in the air, which has a major impact on human health®. The sources of PM are mainly ammonia, SO,,
NO,, and other high-temperature corrosive components from power plants, chemical plants, and fossil fuel
combustion"”. Traditional air filtration polymer membranes (polyester) have poor chemical and thermal
stability and are prone to degradation and failure in the harsh environment of high temperatures and strong
corrosion. The excellent corrosion resistance and thermal stability of PPS fibers allow separation
membranes to have long periods in the harsh environment of high temperatures and corrosion. PPS fibers
have a low price compared to other high-temperature and corrosion-resistant high-performance fiber
materials (PTFE, polyimide, etc.), which makes them widely used in factory exhaust dust filter bags*.
However, PPS fiber dust filter bags still face the problems of low filtration precision, oxidation and thermal
cross-linking reaction at high temperatures™. PPS dust filter bags are often woven or spun-bond nonwoven
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fabrics, and the fiber diameter is large, resulting in a large filter bag pore size. Moreover, when PPS fibers are
at a higher temperature than 100 °C, their oxidation reaction is sharply elevated, especially in the presence

of the nitrogen oxides in the factory exhaust gas, resulting in extremely serious oxidation of PPS fibers'*>'*.

For the problems of PPS fiber dust filter bags, the current research is primarily focused on two aspects. One
approach is to use the ultra-fine PPS fibers or compose with other ultra-fine fibers to achieve the reduction
of pore space, thus improving the filtration capacity. Zhao et al. combined homemade melt-blown ultra-fine
PPS fibers (diameter < 5 pm) with aramid fibers for wet papermaking to prepare ultra-fine PPS/PPTA
(polyterephthaloyl-p-phenylenediamine) composite fiber membranes"*. The ultra-fine PPS fibers
enhanced the filtration efficiency of the composite fiber membrane, obtaining a filtration efficiency of
89.02% and 99.99% for PMo0.3 and PM2.5, respectively. Additionally, the addition of aramid fibers further
enhances the high temperature and acid/alkali resistance of the PPS composite fiber membrane. A PPS/
PPTA composite fiber membrane could maintain a high filtration efficiency for PM2.5 and PMo.3 after 48 h
at 240 °C [Figure 8A], acid treatment [Figure 8B] and alkali treatment [Figure 8C], respectively. Ye et al.
created a thin sandwich of a network fiber structure between a PPS fiber substrate and an expanded PTFE
(ePTFE) membrane by electrostatic spinning*”. The gas permeability and dust filtration efficiency of the
composite PPS fiber filtration membrane were improved by introducing fibers with different melting
temperatures. Without introducing other types of fibers, the PPS fibers easily soften and melt under the
temperature and pressure of the hot rollers, leading to clogging of the membrane pores [Figure 8D]. The
introduction of fibers with lower melting temperatures than that of the PPS fibers can significantly reduce
the pressing temperature and thus increase the gas flux of the composite PPS fiber filtration membrane
[Figure 8E]. Additionally, the introduction of fibers with similar melting temperatures to PPS fibers
improves the mechanical strength, although it can lead to blockage caused by the co-melting of the two
fibers [Figure 8F]. The introduction of fibers with a melting temperature higher than that of PPS fibers can
effectively reduce the blockage caused by melting PPS, thus improving air permeability [Figure 8G]. This
unique nanofiber composite strategy provides a good reference for various subsequent nanofiber composite
PPS fiber filtration membranes. Zhang et al. blended ultrafine PPS fibers with conventional PPS fibers as the
upper layer of nonwoven needle felt (NWNF) and prepared a composite PPS fiber filter membrane with
gradually increasing pore size by lamination"””. The gradual increase in pore size structure increased the
filtration resistance to some extent [Figure 8H] but significantly improved the filtration efficiency and long-
term stability of the composite PPS fiber filtration membrane [Figure 8I]. Although reducing the diameter
of PPS fibers or compositing them with other microfibers can significantly enhance the filtration efficiency
and lifetime of PPS fiber filter membranes, it still cannot solve the problem of oxidation of PPS fibers at
high temperatures, especially in the presence of NO, and other gases.

Another approach for improving the efficiency of PPS fiber filtration is to load functional materials on the
surface of the fiber to achieve high-efficiency filtration of particles or selective adsorption of special gases.
Therefore, another focus of research on PPS fiber filtration membranes is the construction of functional
materials on the surface of PPS fibers for the removal of gases with high oxidizing properties, such as NO,.
Zheng et al. generated nano-flowering manganese dioxide in situ on the surface of PPS fiber filtration
membranes to achieve a high-efficiency conversion rate of NO by PPS fiber filtration membranes"*. Their
denitrification rate was as high as 100% at a temperature of 180 °C. However, prolonged use leads to a
significant decrease in the activity of the catalyst. Therefore, Zhang et al. subsequently prepared a polypyrrol
coating layer on the surface of the PPS fiber filter membrane to improve the bonding of the catalyst with the
fiber membrane and the catalytic stability of the catalyst"*. Luo et al. used a hydrothermal method to anchor
petal-like Mn, FeO, amorphous oxide catalysts onto PTFE/PPS composite filtration membranes"*. The
synergistic interaction between Fe and Mn promoted the growth of the catalysts on the surface of the
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Figure 8. (A) PM2.5 filtration efficiency of the PPS/PPTA-70% ultrafine fiber felt before and after heat treatment at 230 °C for 48 h.
(B) PM2.5 filtrati on efficiency of the PPS/PPTA-70% ultrafine fiber felt before and after acid treatment. (C) PM2.5 filtration efficiency
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pressure drop APRUOZ].(H) and dedusting rate n (1) between PPS-based NWNFs and M-PPSF-Ss in the field test"*?.

fibrous membranes, which, in turn, increased the catalyst loading on the surface of the fibrous membranes.
This synergistic growth effect of Fe and Mn also enhances the bonding strength between the catalyst and the
fiber membrane, resulting in a high catalytic filtration efficiency of this PTFE/PPS fiber filtration membrane
loaded with Mn, FeO, catalyst even under prolonged use. By modifying porous materials on the surface of
membrane materials, it is possible to endow membrane materials with excellent properties such as
photothermal conversion and gas adsorption"*. Metal-organic frameworks (MOFs) are novel porous
crystalline materials with large specific surface area and nanocage structure. Zeolitic imidazolate
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framework-8 (ZIF-8) is one of the stable and easy-to-prepare MOF materials"”'*". Yu et al. synthesized
ZIE-8 for the adsorption of iodine vapors on the surface of melt-blown PPS fiber membranes by
hydrothermal and biomimetic mineralization approaches™. The mechanism of iodine vapor capture by
PPS-ZIF-8-BSA (BSA, bovine serum albumin) membranes made by the biomimetic mineralization
approach is shown in Figure 9A. First, the nanocage structure and surface sites of ZIF-8 capture iodine
molecules. Second, PPS phenyl captures iodine molecules through the n-I bonding. Finally, the nanoscale
ZIF-8 and ultrafine PPS fiber membrane provided a large specific surface area for iodine capture. The PPS-
ZIF-8 membrane gradually changes from yellow to black during the adsorption of iodine vapor [Figure 9B].
The maximum iodine adsorption capacity of PPS-ZIF-8 fiber membranes obtained by those two synthesis
methods reached 2.51 and 2.07 g g, respectively [Figure 9C]. Wang et al. constructed a ZIF-8@PPS fiber
membrane with a layered lotus leaf papillary structure by growing ZIF-8 on the surface of nitric acid-treated
melt-blown PPS fibers"*”. Polar sulfur heteroatoms in the PPS structure induce electrostatic interactions
between the fiber surface and ZIF-8, which, together with an increase in the roughness of the nitrified fiber
surface, results in a strong combination of ZIF-8 with the PPS fiber surface. This nitration strategy provides
a reference for the large-scale production of ZIF-8@PPS fiber membranes. For different sizes of PM, the
filtration capacity of ZIF-8@PPS fiber membranes far exceeds that of ordinary PPS fiber membranes
[Figure 9D]. ZIF-8@PPS fiber membranes still have good filtration ability even after different temperatures
[Figure 9E] and different PH environments [Figure 9F]. Even with long-term cycling in this harsh
environment, they still have good stability [Figure 9G].

PPS fiber filtration membranes have unique cost and performance advantages in the field of high-
temperature exhaust gas purification in factories. However, the current research on the problems of
insufficient filtration efficiency and high-temperature oxidation of PPS fiber filter membranes is still limited
to the laboratory scale. Therefore, the development of high-efficiency and long-life PPS fiber filtration
membranes for large-scale production and application is an urgent problem.

Chemical catalyst substrates

Improving the activity of a chemical catalytic reaction involves increasing the specific surface area of the
catalyst. A larger specific surface area means that there are more active sites available for reactant molecules
to interact with, which, in turn, increases the overall reaction rate. However, in industrial settings, chemical
catalysts are often loaded onto a carrier material. Traditional carrier materials, such as metals with high
electrical conductivity, are often inflexible and possess small specific surface area, making them unsuitable
for certain applications. As a result, flexible carrier materials with large specific surfaces are considered the
ideal choice for chemical catalysts. These materials provide a more efficient means of utilizing chemical
catalysts, leading to improved performance and efficiency in various industrial processes'”. The high
specific surface area and porosity of fiber membranes render them excellent flexible substrates for
nanomaterials. By incorporating nanomaterials onto the surface of fiber membranes, not only can the
adsorption, catalytic, and degradation properties of these nanomaterials be effectively harnessed, but also
their practicality and reusability can be enhanced. Microfiber membranes possess submicron or even
nanoscale surface areas, which offer substantial capacity for nanomaterial loading, thereby significantly
boosting their catalytic potential"'". PPS fibers boast remarkable corrosion resistance, thermal stability, and
dimensional stability, enabling them to endure harsh conditions without undergoing changes in their
physical or chemical attributes'. This makes PPS fiber membranes an ideal substrate for catalytic reactions
with nanomaterials, especially in harsh environments. Remarkably, the ultra-fine PPS fiber membrane
obtained through melt-blown spinning and melt electrostatic spinning can further amplify nanomaterial
loading onto the surface of fibers, thereby bolstering its catalytic capabilities under rigorous conditions.
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Figure 9. (A) Process of iodine vapor capture by the PPS-ZIF-8 (BSA) membrane. (B) Digital photos of the PPS-ZIF-8 membranes
containing different ZIF-8 contents before and after iodine absorption. (C) lodine adsorption capacities of PPS-ZIF-8 and PPS-ZIF-8-
BSA containing different contents of ZIF- 8% (D) Filtration efficiency of the ZIF-8@PPS and PPS membrane for DEHS airborne particles
with various sizes. (E) Filtration capability of ZIF-8@PPS fibrous membrane that filtrates PM at different temperatures for 24 h. (F)
Filtration capability of ZIF-8@PPS fibrous membrane to PM after different pH treatments for 24 h. (G) Long-term cycling stability of the
ZIF-8@PPS fibrous membrane filtrating PO

PPS fibers have a smooth surface, which poses challenges for nanoparticles to adhere directly. As a remedy,
sulfonation is frequently employed to establish a bond between the PPS fiber surface and the nanoparticle
interface. This enables stable immobilization of nanoparticles onto the fiber membrane surface. Wang et al.
utilized a precipitation method to load silver phosphate onto the surface of sulfonated PPS (SPPS) melt-
blown fiber membranes"™”. The high specific surface area of the melt-blown PPS fiber membrane provides
ample sites for the growth of silver phosphate, significantly enhancing the photocatalytic activity of the
Ag PO,/SPPS composite fiber membrane. Results revealed that with disodium hydrogen phosphate and
silver nitrate concentrations of 0.06 and 0.3 mol, respectively, the composite fiber membrane displayed a
degradation efficiency of 97.8% for a methylene blue (MB) solution within 30 min. The Fenton reaction, an
inorganic chemical process, employs the Fenton reagent (a mixture of H,O, and Fe*") to oxidize organic
compounds to an inorganic state"””. The Fenton reactions are widely utilized for degrading organic
pollutants in wastewater, involving significant consumption of hydrogen peroxide and ferrous ions""*"*.. A
pioneering catalytic approach involves decorating the Fenton catalyst onto the surfaces of a fiber membrane.
This not only heightens catalytic efficiency but also enables Fenton catalyst reuse. Liu et al. developed a
flexible PPS cathode membrane with aeration capability by filling a PPS melt-blown fiber membrane with
conductive carbon black (CB)"'*. The high porosity, effective adsorption, and numerous active sites in the
PPS cathode membrane led to notably increased hydrogen peroxide production when employed in the
electro-Fenton (e-Fenton) system [Figure 10A and B]. Efficient catalysis of most organic pollutants can be
achieved in a maximum of 10 min under an e-Fenton catalytic system using a PPS cathode membrane
[Figure 10C]. In addition, Liu further illustrated the realistic potential of PPS cathode membrane
electrocatalytic elimination of pollutants by mineralization using TOC (total organic carbon) analysis
[Figure 10D]. Hu et al. prepared PPS fiber membranes modified with ferrous oxalate (FeC,0,) for non-
homogeneous Fenton processes by a chemical precipitation method"”. The SPPS fiber membrane
effectively immobilized FeC,0, particles on its surface, enhancing the operability and reusability of the
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Figure 10. (A) Reaction mechanism of the e-Fenton process. (B) Schematic membrane of the electrolytic reactor, showing the (1)
power supply, (2) PPS cathode film, (3) Pt foil, (4) reactor, (5) pumps, and (6) connecting device. Possible underlying mechanism of
synthetic process and performance improvement. (C) Removal efficiency of contaminants. (D) The TOC (total organic carbon) removal
efficiency of contaminants' ™. (E) PPS microfiber sulfonation process; (F) sulfonated PPS microfiber ion-exchange process; (G) Fe-PPS
microfiber decoration process; and (H) degradation process'"”".

composite fiber membrane catalyst. This catalyst facilitated OH" activation for efficient degradation of MB
solutions, achieving a 99% degradation efficiency within 15 min. The PPS/FeC,0, composite fiber
membrane catalyst could be reused after simple separation. The mechanism of the whole process can
probably be explained as follows. Firstly, CISO,H attacks the benzene ring of PPS, causing it to carry a
sulfonic acid group on the benzene ring [Figure 10E]. Then, Fe** exchanges H' on -SO,-OH in ferrous
sulfate solution to form [-SO,]- Fe** anchor localization sites on the fiber surface [Figure 10F]. When K,C,0,
solution was added, the ferrous oxalate complex was immediately formed, thus allowing the fibers with
anchoring sites to concentrate the complex. In addition, the SPPS layer was transformed into an interfacial
layer, which strengthened the binding of the FeC,O, catalyst to the PPS fibers [Figure 10G]. When the PPS/
FeC,0, membrane is used for the Fenton reaction, OH" can be activated at the surface-active sites of PPS/
FeC,0, [Figure 10H] Thus, the catalytic degradation of organic molecules is realized.

PPS fiber membranes serve as excellent substrates for nanomaterials in catalysis applications. However, the
smooth surfaces of PPS fibers often necessitate sulfonation before nanomaterial loading, which can
compromise physical and chemical properties of fibers. Additionally, finer fiber membranes correspond to
larger specific surface areas, implying greater nanoparticle loading potential. Thus, achieving finer PPS fiber
membranes emerges as a pivotal strategy for enhancing catalytic capabilities.

Oil/water separation

The treatment of oily wastewater remains a pressing environmental concern*¥. Traditional oil-water
separation methods, such as centrifugation and flocculation, face issues of inefficiency, high costs, and
secondary pollution"". Sustainable membrane separation technology offers a viable solution to address this
issue””. However, conventional membrane materials often struggle to function effectively in harsh
conditions, such as strong acids and alkaline"”". PPS fibers, with their exceptional corrosion resistance,
emerge as an ideal choice for membrane materials in such challenging environments. Oil-water separation
membranes generally fall into two categories: hydrophilic oleophobic membranes and hydrophobic
oleophilic membranes. PPS fibers are hydrophobic and oleophilic. Consequently, research regarding the
application of PPS fiber membranes in oil-water separation predominantly falls into two realms. One is to
modify the surface of PPS fiber membranes to attain hydrophilic and oleophobic properties. The other is to
enhance the hydrophobicity of PPS for the creation of superhydrophobic oleophilic PPS fiber membranes.
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For instance, Huang et al. applied PE wax (PEW) powder and PTFE onto melt-blown PPS fiber membranes
to prepare hydrophobic and oleophilic PPS fiber membranes"*”. Similarly, Huang et al. employed the
impregnation method to attach chitosan (CTS) onto melt-blown PPS fiber membranes, preparing
hydrophilic and oleophobic PPS fiber membranes"*”. These distinct PPS fiber membranes demonstrated
selective permeability for either oil or water, underscoring their varying surface properties. Moreover, the
high porosity of PPS fibers contributes to substantial flux during oil-water separation. Specifically, the flux
of the two PPS fiber membranes for oil-water separation reached 3,500 and 2,250 L m™ h™, respectively.
However, these techniques might not be optimally suited for large-scale oil-water separation applications. In
a different approach, Fan et al. deposited graphene oxide (GO) on the melt-blown surface of a PPS fiber
membrane and then converted graphene to reduced GO (rGO) using hydriodic acid"*. The process is
detailed in Figure 11A. The resulting rGO@PPS composite fiber membrane not only displayed enhanced
hydrophobicity and lipophilicity [Figure 11B-E] but also exhibited swift crude oil adsorption under Joule
heating and solar heating, utilizing excellent conductivity and photothermal properties of rGO [Figure 11F].
The experimental outcomes indicated a reduction of 98.6% in crude oil adsorption time under Joule heating
and a reduction of 97.3% under solar heating. Even though the high loading of rGO leads to a decrease in
the flux of a rGO@PPS membrane, it still has a high flux [Figure 11G]. Meanwhile, the rGO@PPS
membrane still has high separation efficiency after repeated cleaning [Figure 11H]. However, the
immaturity of the melt-blown PPS fiber membrane process presents challenges for its large-scale
application. Addressing this, Gao et al. employed a thermally induced phase separation (TIPS) method,
combining PPS resins with papermaking PPS fiber membranes to craft a superhydrophobic PPS fiber
membrane characterized by a rough concave structure and nanofiber network arrangement*. Utilizing the
same polymer materials mitigates performance degradation stemming from interfacial stability disparities.
The distinctive concave features and nanofiber network significantly bolster the water-blocking capacity of
the PPS fiber membrane. Notably, the superior porosity of the papermaking PPS fiber membrane, compared
to its melt-blown counterpart, led to a higher oil-water separation flux of 7,350 L m* h™.

Due to the industrial need for high-volume oil-water separation, research on PPS fiber membranes in this
domain should prioritize scale-up applications. The papermaking PPS fiber membrane exhibits more
promise for larger-scale use when compared to the melt-blown PPS fiber membrane. Additionally, the
longevity of modified PPS fiber membranes should be considered, as certain modifications may
inadvertently impair the integrity of PPS fibers. This aspect is vital in assessing the cost-effectiveness of PPS
fiber membranes in the realm of oil-water separation.

CONCULSION AND PERSPECTIVES

PPS fibers have been found to be highly suitable for use in challenging environments such as high
temperatures, strong acids, and alkalis. Their exceptional corrosion resistance, thermal stability, and flame
retardancy make PPS fiber membranes an ideal material for energy and environmental applications. In this
paper, four types of preparation methods for PPS fiber membranes are discussed in detail: melt-blown
spinning, melt electrostatic spinning, wet papermaking, and weaving. The PPS fiber membranes prepared
through these four methods have discovered applications in diverse arenas, including lithium-ion batteries,
AEL, chemical catalyst substrates, adsorption, and oil-water separation.

While ongoing research has made substantial advancements in PPS fiber membranes, prevalent issues
across various preparation methods persist. High thickness, limited selectivity and permeability, and
abbreviated service life collectively curtail the production and practical use of PPS fiber membranes.
Difficulties in the preparation process are the main reason for limiting the development of PPS fiber
membranes. Thus, the aspiration of achieving large-scale, high-performance PPS fiber membrane
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Figure 11. (A) Large-scale fabrication of rGO@PPS fibrous membrane. (B) Water contact angle in the air. (C) water contact angle under
n-hexane. (D) Dichloromethane contact angle in the air. (E) Dichloromethane contact angle under water of M-8. (F) Reduction of crude
oil adsorption time of PPS fiber membrane by Joule heat and solar heating. (G) Filtration flux and separation efficiency of rGO@PPS
membrane with different deposition times. (H) Analysis of cycle performance of M-8 on kerosene/water mixture™™*.

production remains a formidable challenge. Forthcoming strides in research and development ought to
focus on several pivotal dimensions to augment the performance and industrial viability of PPS fiber
membranes:

(1) The realization of ultra-fine PPS membranes characterized by small fiber diameters is of great
importance. A reduced fiber diameter precipitates heightened porosity and augmented specific surface area,
concomitantly reducing the thickness of PPS fiber membranes and enhancing their selectivity and
permeability. The crux of attaining ultrafine PPS fiber membranes resides in refining the preparation
process.

(2) Exploring cost-effective methodologies that facilitate large-scale production of PPS fiber membranes is
imperative. Presently preparation methods, encompassing melt-blown spinning, melt electrostatic spinning,
wet papermaking, and weaving, exhibit varied limitations. While the melt-blown spinning engenders
membranes with uneven pores unsuitable for direct application, melt electrostatic spinning is encumbered
by immaturity and cost inefficiency. Both wet papermaking and weaving have the potential to produce PPS
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fiber membranes on a large scale. However, the strength of PPS fiber membranes prepared by wet
papermaking is insufficient, and the pore size of PPS fiber membranes prepared by weaving is too large.

(3) Enhancing the competitive prowess of PPS fiber membranes in the energy and environmental field
stands as a pivotal pursuit. Presently, PPS fiber membranes have a quandary—lagging behind at the top and
overshooting at the bottom. This signifies that while the costs undercut those of high-end aramid fiber
membranes, the performance of high-temperature stability and mechanical strength is yet to match up.
Although performance of high-temperature stability, corrosion resistance, and flame retardant surpasses
those of regular fiber membranes, the relative costs remain steep. Addressing this challenge calls for a
thorough exploration of the connection between the production process and the intended application
domain. This endeavor facilitates the establishment of a harmonious equilibrium between cost and
performance, leading to the creation of a PPS fiber membrane that stands out in terms of competitiveness.

In general, the main reason for the predicament of PPS fiber membranes is the difficulty and immaturity of
the spinning and fiber membrane preparation process. The difficulties and immaturity of the process result
in the high cost of PPS fiber membranes in membrane separation fields. Therefore, future research on these
membranes should mainly focus on the spinning and fiber membrane preparation process.
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