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Abstract

Polysulfones are a group of high-performance thermoplastics with demonstrated utility in
various industries such as medicine, pharmaceuticals, transportation, electronics, food and
beverage, and water treatment. Polysulfones possess two primary forms in application: key
structural components of various machines or thin membranes for filtration. Polysulfones
are now integral to modern filtration housings and membranes for reverse osmosis,
ultrafiltration and dialysis. Their inherent high bond dissociation energies make them
resistant to hydrolytic attack in both acidic and basic environments, and at high
temperatures. They are also biocompatible and have the capacity to adsorb endotoxins.
Consequently, they are used in applications which call for constant exposure to water or
harsh redox environments such as plumbing, implantable medical devices - including
dialysis membranes, in steam autoclaves, to immobilize biosorbants and catalysts, and in
waste water remediation. Their dielectric and insulating properties can be tuned to improve
conversion of solar energy in perovskite solar cells, to increase current output in fuel cell
proton exchange membranes at high temperatures and to increase the capacitance of
supercapacitors. Their unique mechanical properties can be utilized in increasing and
decreasing the crack resistance and propagation respectively in adhesive epoxy resins.
Polyethersulfone blends with carbon or graphene nanosheets are more forgiving with regard
to the trade off between gas selectivity and permeability, such that acceptable throughput
may be obtained with high separation. For this reason, they are used in decarbonization
technology, syngas composition optimization and separating hydrogen from hydrocarbons.
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Introduction
Water is to the twenty-first century what oil
was to the twentieth: the precious
commodity that determines the wealth of
nations (1). Over a billion people worldwide
lack access to clean water, and as
populations continue to grow, maintaining a
clean and sustainable water supply is critical
(2). Wastewater treatment and desalination
are primary  water  purification
techniques to increase the available
freshwater supply. As a result, there are over
58,000 wastewater treatment facilities (3)
and 17,000 desalination facilities worldwide
(4). The techniques and processes these
facilities utilize rely on various polymer
membranes to filter hazardous materials.
While commodity plastics
polystyrene and polyethylene are household
treatment
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these  water
facilities  rely
performance  specialty  plastics
polysulfones (5). Polysulfones are
energy-efficient and fulfill unmet needs in

various industries, including those in water

names,

desalination on

purification technologies. They play a central
role in various applications from desalination
techniques (6) to medicine (7), with potential
for green energy harvesting (8). In this
article, we review polysulfones and their
uses and potential in both membrane and
structural applications.

Discussion
Properties
Polysulfones are polymers composed of aryl
and sulphonyl groups (9). They are
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commonly produced by polycondensation of
the bisphenol A  and
dichlorodiphenyl sulfone (9), derived from
natural gas and crude oil (10). The Diphenyl
sulfonyl moiety imparts a high dissociation
energy to chemical bonds leading to high-
tensile properties and shielding from the
effects of oxidizing agents (5). This chemical
bond strength of polysulfones can be further
enhanced physically by adding glass or
carbon fibers (5). Polysulfones are classified
as high-performance thermoplastics due to
their ability to withstand temperatures above
150°C, exhibiting relatively high glass
transition temperatures (Tg) between 190°C
to 240°C, and high heat deflection
temperatures (HDT) (5). They are
amorphous, semi-transparent, and possess
low creep, electrical insulator properties, and
self-extinguishing ability (5).

Monomers,

Polysulfones are highly resistant to most
chemicals due to the diphenyl sulfonyl
moiety, which offers chemical resistance by
stability to oxidation since all electrons are
shielded through resonance. However,
outdoor exposure makes them susceptible to
chemical degradation due to their aromatic
ether backbone, although incorporating
carbon, surface coating, or metalizing can
mitigate such effects (11). They are also
unsuitable for outdoor uses because of poor
weathering and ultraviolet (UV) resistance.
In addition, they are not resistant to low-
polarity organic solvents (e.g., ketones and
chlorinated hydrocarbons) and aromatic
hydrocarbons.
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Three primary variants of polysulfones are
used:  polysulfone  (PSU),
polyethersulfone (PES), and polyphenylene
sulfone (PPSU). Their chemical structures
differ in the functional groups between
adjacent benzene rings (Figure 1). Though

currently
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general properties are similar among all
these high-performance thermoplastics, their
differences manifest in unique
endowing one variant more utility over the
others depending on the application.

ways,
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Figure 1: Chemical structures of polysulfones (12).

PSU was the first to be developed and
commercialized. It has the lowest density of
all the polysulfones. Plastic resins are sold
by unit weight but typically used by volume.
Hence, PSU has the lowest price among all
polysulfones. Comparing commercial
variants, PSU offers the highest optical
clarity and transparency (over 85% light
transmittance) and absorbs the lowest
amount of water among all polysulfones
(absorbs less than 0.6% moisture by weight)
(12-14). Therefore, PSU is preferred for
implantable medical devices and filter
housings.

PES possesses the highest concentration of
sulfone moieties in the polymer’s repeating
This polar moiety
resulting in PES exhibiting the highest water
absorption. PES is inherently flame resistant
(oxygen index > 30), which can be further
enhanced by adding flame-retardants.
Structural differences lead PES to offer
better chemical resistance, higher thermal
capability, and improved mechanical
properties than PSU (12-14). PES is
preferred in the transportation industry due
to these properties.

unit. attracts water
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PPSU’s biphenylene unit uniquely elevates
its impact strength - its notched Izod is more
than eight times greater than PSU or PES.
PPSU has the highest HDT, over 30°C
greater when compared to PSU and 4°C
greater than PES. It also has superior
chemical and hydrolytic resistance compared
to PSU and PES. Hydrolytic stability is
essential in plumbing applications where the
plastic is in permanent contact with water.
Because steam autoclaves are widely used to
sterilize medical devices, resistance to steam
sterilization is important as well. PPSU has
steam autoclave resistance of over 1000
cycles when compared with 80-100 cycles
for PSU and PES. PPSU also exhibits
excellent resistance to chlorinated water at
temperatures. It is the
expensive polysulfone, limiting its use to
PSU and PES satisfy
requirements (12-14).

elevated most

where cannot

Membrane Technology

Polysulfones currently serve a prominent
role in essential industries as both bulk
structural components and membranes.
Membrane applications of polysulfones are
the fastest growing and poised to have
significant potential to improve key aspects
of human life, especially as a filter for
medical applications and water treatment. In
this section, we review filtration techniques
that  commonly
membranes.

utilize ~ polysulfone

Microfiltration (MF) physically removes
suspended solids from water by a membrane.
The filters used in MF have a pore size of
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approximately 100 nm, physically preventing
larger contaminants from passing through.
As a result, bacteria and suspended solids are
the only elements that can be removed
through MF (15, 16). The dairy industry uses
MF membranes for milk protein separation,
fat, and microbial removal.

Ultrafiltration (UF) is an improvement upon
MF in which slightly higher pressures and
smaller pore sizes can block everything MF
can. In addition, UF membranes also retain
smaller contaminants and viruses. UF filters
typically have a pore size of approximately
10 nm (15, 16). These are used in food and
biopharmaceutical

industries for enzyme

concentration and removing endotoxins and
pyrogens.

Nanofiltration (NF) membranes have a pore
size of approximately 1 nm. They can
typically remove 50% — 90% of monovalent
ions such as chlorides or sodium. NF is often
used to filter water with low amounts of total
dissolved solids, remove organic matter, and
soften water (15, 16).

Reverse Osmosis
effectively

(RO) membranes
and,

are
therefore,
exclude particles as well as many low molar
mass species such as salt ions. RO systems
have been successfully applied to desalinate
saline groundwater, brackish waters, and

non-porous

seawater, as well as to remove inorganic
contaminants such as radionuclides, nitrates,
arsenic, and other contaminants (17). A
cross-section of the RO membrane is shown
in Figure 2 and has a pore size of
approximately 0.1 nm. The relative pore
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sizes of different filtration membranes are shown in Figure 3.

Thin-film nanocomposite
Polyamide active layer

Polysulfone layer

Non-woven support fabric

Figure 2. Cross-section of a Reverse Osmosis Thin Film Composite membrane (17).

0.1 1 10 100

Figure 3. Pore diameters of filtration membranes (nm) (15).

Fouling is a limitation associated with the consequences such as higher hydraulic

use of membrane technologies (Figure 4). resistance, greater energy consumption, and
Fouling occurs when contaminants collect on damage to the membrane and other system
the surface or in the pores of a filtration components. The hydrophobicity of
membrane (18). Foulants restrict water flow  polysulfones contributes to membrane
through the membrane, resulting in fouling and is a significant disadvantage.
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Figure 4. Simplified depiction of membrane fouling (19).

Achieving increased flow and reducing
fouling has been an intense focus of
research. Blended PSU/PES membranes
enhanced antifouling property for separation
of succinic acid from fermentation broth
resulting in a flux recovery of 96% (20).
Sulfonation of polysulfone with various
agents at varying substitution degrees
resulted in membranes with high flux
quantities thus addressing the membrane
fouling  disadvantage  of
membranes (21).

polysulfone

Applications

Polysulfones have many applications across
several industries as both bulk structural
components and thin membranes. However,
polysulfones are used primarily in specialty
applications due to their high raw materials

and processing costs. They are often
considered superior to polycarbonates,
offering significantly better mechanical

properties. At the same time, they are
cheaper than other high-temperature
engineering thermoplastics.

A major application of polysulfones is in the
automotive industry. PES is utilized for its
thermal and dimensional stability and oil
resistance. It is a critical component of
battery caps, carburetor or fuel injection
parts and engine oil circulation systems. PSU
and PES comprise parts of oil pumps,
headlamp bezels, interior reflectors, and
blade fuses (12-14). Due to their light weight
compared to metals, polysulfones
increasingly being used in the design of

arc

aircraft interiors, comprising a major part of
the  honeycomb  sandwich  structures.
Furthermore, they are an excellent choice for
aircraft because they are fire retardant, a
quality of utmost importance. Foams made
of Ultrason® E (PES), patented by BASF, are
approved for use in aircraft (22). Epoxy
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based composite materials are used to build
aircraft exteriors and floors. Incorporation of
polysulfones in epoxy resins is being studied
to develop the next generation of composites.
The phosphorus-containing  polysulfone
enhanced the thermal stability of epoxy
resins optimizing flame retardancy while
maintaining a high 7g (23).

In the electrical industry, PSU and PES
comprise several critical components due to
their excellent insulation properties, low
creep resistance, stable
constant: formers, plug-and-socket
connectors, injection molded printed circuit
boards, circuit breaker components, and parts
for contactors and relays. They also serve as
transparent covers for signal lamps and
switchboards, lamp bases and covers, heat
shields, sensors, and battery seals (12). This
utility extends to the construction industry,
where polysulfones find usage in various
electronic and mechanical components. They
are also used in heating circulation pump
rotors, thermostat components, hot-water
meter components, and interior components
for sanitary fittings where hydrolytic stability
at high temperatures is necessary.

and dielectric

coil

Polysulfones are utilized to enhance the
mechanical and thermal properties of epoxy
resins which are widely used in construction,
machinery,
fields (24). Epoxy resins are low cost
adhesives and exhibit excellent bonding
performance, easy processability,
dimensional stability and superior thermal
and chemical resistance. However, their high

aerospace, and other related
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crosslinking density, large internal stress,
and brittleness has limited their application
in high-tech fields (24). The introduction of
polysulfone (20 wt. %) into epoxy matrices
significantly increases their crack resistance
from 4 to 7 times and additional modification
with an active diluent to reduce the viscosity
of hybrid binders leads to a decrease in the
resistance of matrices to crack propagation
by 28-59% (25). Modifying epoxy resins
with polysulfones not only enhances the
overall toughness but also maximizes other
important properties thus enhancing their
potential in more sophisticated applications.

In the medical industry, polysulfones are
extensively utilized as dialysis membranes.
The first polysulfone membrane patent was
issued in 1974 to Jack Bourganel (26). Since
then, numerous modifications have been
made to improve their selectivity and
permeability. A US patent search returned
nearly 50,000 results for polysulfone
membranes. These membranes were first
introduced for dialysis in 1984. Since then,
they have replaced cellulose membranes
because of their biocompatibility, ability to
eliminate uremic toxins, promote solvent
drag, and endotoxin adsorptive capacity.
Polysulfones currently dominate the market
possessing over 93% market share (71%
PSU and 22% PES) (27). According to the
2021 report by the US Renal Data System,
over half a million patients are on dialysis
each year, demonstrating the value of these
membranes (28). Filters for intravenous
infusion sets also use PES membranes.
Polysulfones are integral to chromatography
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and filtration membranes in pharmaceutical
and biomedical laboratories because of their
excellent film-forming properties and
thermal and biological resistance (29). Use
of PES membranes led to efficient
amplification both loop mediated
isothermal amplification and thermophilic
helicase dependent amplification compared
to current paper-based diagnostics like
cellulose chromatography paper providing
optimal support for rapid molecular
diagnostics for point of care applications
(30).  Polysulfone based membranes
increased the separation of low-density
lipoprotein from blood plasma to 75% and

in

highlights their potential use in lowering
cardiovascular disease risks (31). There also
exist many uses for polysulfones in the
medical  industry beyond membrane
applications. For example, PPSU is used to
make sterilization trays for surgical and
dental instruments, while heart valve sizers,
shells of implantable ports,
transparent parts of anesthesia masks contain
PSU (7).

outer and

Membrane technology is not restricted to
medical applications and finds usage in the
food industry where it is essential for food
safety and quality. This has been applied to
several production methods, including milk-
solids separations in the dairy industry, juice
clarification, and whey protein concentration
due to good resistance to pH and
temperature. Asymmetrical filter membranes
are composed of a thin selective layer and a
strong supportive layer. The supportive layer
imparting mechanical strength to the filter
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membrane and assembly is usually made of
polysulfone (32).

As previously mentioned, polysulfones play
a critical role in water purification and
desalination due to their desired properties,
such as stability, high mechanical strength,
and ease of modification (6, 33). Polysulfone
membranes have been used extensively in
water technologies due to their excellent
combination of water flux (the rate at which
water permeates a membrane) and solute
rejection.
dominates the installed desalination capacity
— in 2017 accounted for 95.6% of annual
contracted capacity (34). PES is being
studied to  immobilize  biosorbents.
Biosorbent PES achieved a high removal rate
of Pb** from water, reaching 98%, compared
to neat PES, confirming that the biosorbent
is responsible for the adsorption process.
Dead bacterial cells were immobilized on a
PES giving it the characteristics of a novel
adsorptive membrane for the bioremediation
of lead from wastewater (35).

Membrane-based  desalination

Polysulfones are being actively studied in
several clean energy segments such as the
emerging fuel cell market. Fuel cells use the
chemical energy of hydrogen or other fuels
to cleanly and efficiently produce electricity.
Several electric vehicles powered by proton
exchange membrane (PEM) fuel cells have
demonstrated the high potential of this
technology. Currently, perfluorinated
sulfonic-acid (PFSA) membranes called
Nafion™ have been widely employed in
PEM fuel cells. However, Nafion™ suffers
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reduced proton conductivity at high

temperatures (over 80° C) (36). A series of

PEMs based on sulfonated multiblock
copolymers  with  different  sulfonated
PSU/PPSU ratios significantly improved

proton conductivity at high temperatures as
well as achieved significantly higher current
density showing its promise as an electrolyte
in fuel cells (36). Anion exchange membrane
(AEM) electrolysers use a semipermeable
membrane designed to conduct anions.
AEMs are lower cost and have better
mechanical/chemical characteristics
compared to PEMs (37). AEM fuel cells
yield high power output for a longer period
of time when compared to PEM fuel cells
and as a result are being widely researched
as a viable alternative to PEM fuel cells.
Significant enhancements to the fuel cell
performance through increased water uptake,
ionic conductivity, methanol permeability
and  alkaline  stability = have  been
demonstrated by the recent advancements in
polysulfone-derived PEM/AEM (37). A
series of quaternized polysulfones were
successfully  synthesized
production cost and resulting in high power
density of 300 mW/cm?® ideally targeted for
fuel cell applications (38).

at a lower

The production of green hydrogen through
water electrolysis is currently seeing strong
interest as long-term option for storing
electrical energy from renewable energy
sources such as wind and sun and is essential
for decarbonizing transport and industry. For
this reason, it can be expected that water
electrolysis  technology

will  become
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increasingly important since the generated
hydrogen can be used both in the mobility
sector via fuel cells or as raw or auxiliary
material for industries such as
chemical or steel industry. So far, PFSA-type
membranes have mainly been used in PEM
electrolysis due to their excellent chemical
stability. PSU  multiblock
membranes have shown improved proton
conducting performance compared to PFSAs
and are being optimized for future PEM
membranes (39).

heavy

copolymer

A supercapacitor is another novel and eco-
friendly energy storage option. Like an
ordinary capacitor, a supercapacitor has two
plates that are separated. The plates are made
from metal coated with a porous substance
such as powdery, activated charcoal, which
effectively increases their surface area thus
increasing their energy storage. Both carbon
nanofibers (CNF) and porous carbon (PC)
have large specific surface areas, hierarchical
micro-meso pores, and perfect graphitization
extents which results in high capacitance and
strong stability when they are used as
electrodes 1n supercapacitors. Polysulfone
blended CNF and PC electrodes achieved
high specific capacitances of ~360 F g' and
~290 F g' at 10 mV s' (40).

The use of perovskites for the manufacture
of solar cells is an important advancement in
photovoltaic devices. In these types of
devices, the active organic layer is replaced
by perovskites, which are ambivalent
conductive  materials  that efficiently
transport electrons and holes and attaining a
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high-power conversion efficiency.  The
electrical performance of polysulfones has
been studied terms of sulfonation
percentage and thermal and ultraviolet (UV)
post-treatment. As the sulfonation percentage
was increased, better electrical performance
(fill factor and power conversion efficiency)
was obtained and UV treatment further
improved overall performance by 24%.
These optimized sulfonated polysulfones
have promising applications in inverted
hybrid perovskite solar cells (41).

in

Nuclear energy is a zero-emission clean
energy Development of novel
radiation and screening methods is necessary
to ensure safe nuclear reactors for advancing
nuclear energy. Types of radiation detectors
include gas-filled detectors, solid-state
detectors, and scintillators. Plastics without
fluorescent-molecule doping have attracted
increased attention as radiation detection
components. PES has shown potential as a
scintillation material in radiation detection
(42). Transparent PES 1is resistant to
environmental stress and responds rapidly to
alpha particles despite its amber coloration
(43). This lead to future PES
applications in radiation measurements.

source.

will

Green chemistry is the design of chemical
products and processes that reduce or
eliminate the use or generation of hazardous
substances. Immobilized  catalysts are
utilized in industrial processes to decrease
metal contamination in products and waste
streams. These catalysts can also be easily
recovered and reused leading to a green
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chemistry approach. Cobalt composite
immobilized on polysulfone fibrous network
nanoparticles (CCPSF NPs) were used as
catalysts in the oxidation of alcohols under
microwave conditions. The high specific
surface area of CCPSF NPs made it possible
for it to be used as a green, efficient, and
reusable nanocatalyst. Anticancer properties
of these CCPSF NPs which are attributed to
the presence of polysulfone and cobalt were
evaluated on breast cancer cells (44).

Membrane-based gas separation is
energy-saving technology that is
established and expanding. Gas separation
technology using polysulfone hollow fiber
membranes was developed by Permea (now
a division of Air Products) for H, recovery
and successfully commercialized as early as
1979. This was soon expanded to
hydrogen/light hydrocarbon separations in
refineries and hydrogen/carbon monoxide
ratio adjustment in synthesis gas plants. The
market has expanded very significantly over
the past 25 years, and current sales are in the
range of $1.0-$1.5 billion per year, but no
large new application has been added (45).
One of the key limitations for wider
applications has been trade-off relationship
between permeability and selectivity. PPSU
based membranes have been shown to
increase gas permeability while maintaining

an
well-

stable selectivity (46). This may provide a
new approach to overcome the limitation and
broaden the applications.

Continued and emerging applications of
polysulfone membranes in filter technology
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depend on the ability to modify their
properties to overcome inherent
disadvantages. As a result, extensive
research is being conducted on improving
their properties. The performance of
polysulfone membranes can be enhanced
through various For
fouling-related issues can be mitigated by
incorporating hydrophilic functional groups
at the thus their
performance. We current
modifications with considerable potential.

means. example,

surface, improving

review

Plasma treatment is the process by which gas
is ionized in a vacuum chamber to form
plasma and alter the surface of a material.
For example, oxygen plasma treatment is
shown to change the hydrophobic PSU UF
membrane to a hydrophilic membrane after
just 20 seconds of treatment, ultimately
increasing the flow rate (47). UV radiation of
polysulfones, like plasma treatment,
similarly affects surface structure and
chemistry, significantly increasing their
hydrophilicity. This has been achieved by
exposing one membrane side to UV light at
254 nm (48). PSU and PES films exposed to
UV radiation dramatically decreased their
water contact angle on the irradiated surface,
demonstrating increased hydrophilicity (49).
While this process appears reversible,
permanent  hydrophilic  surfaces
obtained by UV-assisted treatment in the
presence of acrylic acid vapor (50). UV and
plasma treatments were found to be equally
effective (51). Membranes modified by these
treatments can then become suitable for UF.
Short term UV of thin

were

irradiation
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polysulfone films in nitrogen atmosphere
increased the dielectric
polysulfone (52).

permittivity of

Conclusion

Polysulfones have many applications as
macroscopic structural components as well
as thin membranes. They are used
extensively as bulk structural components in
a variety of markets such as automotive,
electrical and construction industries. Their
use in membrane applications exhibits the
greatest future potential.  Polysulfone
membranes are currently used in important
functions such as dialysis, water purification
and waste water remediation, desalination,
immobilized catalysis and biosorption. They
are being actively evaluated in many new
applications in the medical, food and clean
energy segments. In the latter category, they
are being investigated to improve conversion
of solar energy in perovskite solar cells, to
increase current output in fuel cell proton
exchange membranes at high temperatures
and to increase the capacitance of
supercapacitors. New and innovative
modifications and enhancements, such as the
addition of carbon nanotubes and graphene
oxide, have the potential to make
polysulfones even more commercially
appealing, such as improving the trade off
between gas selectivity and permeability, to
obtain acceptable throughput with high
separation. For this reason, they are used in

decarbonization technology, syngas
composition optimization and separating
hydrogen = from  hydrocarbons. The

polysulfone field is rapidly evolving in

Journal of High School Science 7(2), 2023



Review paper

applications and is well suited to mitigating Johnson (Graduate Student), Department of
many global challenges. Physics and Astronomy, Texas Christian

University, Fort Worth, TX, for their

Acknowledgments invaluable guidance and feedback.
I sincerely thank Dr. Yuri Strzhemechny
(Associate Professor and Chair) and Dustin

References

1.

Tully S. (2000) Water, Water Everywhere. Today companies like France's Suez are
rushing to privatize water, already a $400 billion global business. Fortune

https://money.cnn.com/magazines/fortune/fortune_archive/2000/05/15/279789/
index.htm

Human Development Report 2006. Beyond scarcity - Power, Poverty, and the Global
Water Crises. United Nations Development Programme

https://hdr.undp.org/content/human-development-report-2006

Macedo, H.E., Lehner, B., Nicell, J., Grill, G., Li, J., Limtong, A., and Shakya, R.
(2022): Distribution and characteristics of wastewater treatment plants within the global

river network, Earth Systems Science Data, 14, 559577
https://doi.org/10.5194/essd-14-559-2022

Eke, J., Yusuf, A., Giwa, A., & Sodiq, A. (2020). The global status of desalination: An
assessment of current desalination technologies, plants, and capacity. Desalination, 495,
114633. https://doi.org/10.1016/j.desal.2020.114633

Kyriacos, D. (2017). High-temperature engineering thermoplastics. In M. Gilbert (Ed.),
Brydson’s Plastics Materials (8" ed., pp. 545-615). Elsevier.

Shahmirzadi, M.A.A., Kargari, A. (2018). Nanocomposite Membranes. In V.G. Gude
(Ed.). Emerging Technologies for Sustainable Desalination Handbook (pp. 285-330).
Elsevier.

Sastri, V. R. (2022). High-temperature engineering thermoplastics. In V.R. Sastri (Ed.)

Plastics in medical devices properties, requirements, and applications (3rd ed., pp. 233-
286). Elsevier.

Journal of High School Science 7(2), 2023


https://doi.org/10.1016/j.desal.2020.114633
https://doi.org/10.5194/essd-14-559-2022
https://hdr.undp.org/content/human-development-report-2006
https://money.cnn.com/magazines/fortune/fortune_archive/2000/05/15/279789/index.htm
https://money.cnn.com/magazines/fortune/fortune_archive/2000/05/15/279789/index.htm

10.

11.

12.

13.

14.

15.

16.

17.

Review paper

Singh S., Varghese A.M, Reddy K.S.K., Romanos G.E., & Karanikolos GN,
Polysulfone Mixed-Matrix Membranes Comprising Poly (ethylene glycol)-Grafted
Carbon Nanotubes: Mechanical Properties and CO, Separation Performance. Industrial
& Engineering Chemistry Research 2021 60 (30), 11289-11308
https://doi.org/10.1021/acs.iecr.1c02040

Parodi, F., (1989). Polysulfones. In G. Allen & J.C. Bevington (Ed.) Comprehensive
Polymer Science and Supplements, (pp. 561-591). Pergamon.

Campo, E.A. (2008). Polymeric Materials and Properties. In E.A. Campo (Ed.) Selection
of Polymeric Materials: how to select design properties from different standards. (pp. 1-
39). William Andrew.

Massey, L. K. (2007). Polysulfone. In L.K. Massey (Ed.) The effects of UV light and
weather on plastics and elastomers. (2nd ed., pp. 239-240). William Andrew.

Ultrason Product Brochure.
https://download.basf.com/p1/8a8082587fd4b608017fd654898{0d 1e/en/Ultrason

Udel® PSU Design Guide. https://www.solvay.com/sites/g/files/srpend221/files/2018-
08/Udel-PSU-Design-Guide EN-v5.0_0_0.pdf

Design Guide https://www.solvay.com/sites/g/files/srpend221/files/2018-07/Radel-
PPSU-Veradel-PESU-Acudel-PPSU-Design-Guide EN.pdf

Sagle, A., & Freeman, B. (2002). Fundamentals of Membranes for Water Treatment.
The future of desalination in Texas 2 (363), 137

https://texaswater.tamu.edu/readings/desal/membranetechnology.pdf

Henry, J.D., Prudich, M.E., Eykamp, W., Hatton, T.A., Johnston, K.P., Lemert, R.M.,
Lemlich, R., Moyers, C.G., Newman, J., Pohl, H.A., Pollock, K., Thein, M.P. (1997). In
R.H. Perry & D.W. Green (Eds.) Perry’s Chemical Engineers’ Handbook. (7th ed pp
1968-2046). McGraw-Hill

RO Membrane LG Chem. Retrieved 10-5-2022 www.lgchem.com.
https:// www.lgchem.com/product/PD00000070

Journal of High School Science 7(2), 2023


https://www.lgchem.com/product/PD00000070
https://texaswater.tamu.edu/readings/desal/membranetechnology.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-07/Radel-PPSU-Veradel-PESU-Acudel-PPSU-Design-Guide_EN.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-07/Radel-PPSU-Veradel-PESU-Acudel-PPSU-Design-Guide_EN.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-08/Udel-PSU-Design-Guide_EN-v5.0_0_0.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-08/Udel-PSU-Design-Guide_EN-v5.0_0_0.pdf
https://download.basf.com/p1/8a8082587fd4b608017fd654898f0d1e/en/Ultrason
https://doi.org/10.1021/acs.iecr.1c02040

18.

19.

20.

21.

22.

23.

24.

25.

26.

Review paper

Marshall, K. (2018, November 2). What Are the Different Types of Membrane Fouling
and What Causes Them? Samco Tech https://samcotech.com/types-of-membrane-

fouling-and-causes/

Dmitrieva, E. S., Anokhina, T. S., Novitsky, E. G., Volkov, V. V., Borisov, I. L., &
Volkov, A. V. (2022). Polymeric Membranes for Oil-Water Separation: A Review.
Polymers, 14(5), 980 https://doi.org/10.3390/polym 14050980

Olawumi O. Sadare and Michael O. Daramola. Blended Polysulfone/Polyethersulfone
(PSF/PES) Membrane with Enhanced Antifouling Property for Separation of Succinate
from Organic Acids from Fermentation Broth. ACS Sustainable Chemistry &
Engineering. 2021 9 (38), 13068-13083. http://doi.org10.1021/acssuschemeng.1c05059

Tasci, R.O., Kaya, M.A., Celebi, M. Hydrophilicity and flux properties improvement of
high performance polysulfone membranes via sulfonation and blending with Poly(lactic
acid) (2022) High Performance Polymers, 34 (10), pp. 1115-1130

Plastech. (2018, Sep 20). World'’s first particle foam based on polyethersulfone from
BASF. Retrieved October 2, 2022, from https://www.plastech.biz/en/news/World-s-first-
particle-foam-based-on-polyethersulfone-from-12963

Zhao, W., L1, Y., Li, Q., Wang, Y., Wang, G. Investigation of the structure-property
effect of phosphorus-containing polysulfone on decomposition and flame retardant
epoxy resin composites (2019) Polymers, 11 (2) https://doi.org/10.3390/polym11020380

Sun Z, Xu L, Chen Z, Wang Y, Tusiime R, Cheng C, Zhou S, Liu Y, Yu M, Zhang H.
Enhancing the Mechanical and Thermal Properties of Epoxy Resin via Blending with
Thermoplastic Polysulfone. Polymers (Basel). 2019 Mar 11;11(3):461.
https://doi.org/10.3390/polym11030461

Petrova TV, Tretyakov IV, Kireynov AV, Shapagin AV, Budylin NY, Alexeeva OV,
Beshtoev BZ, Solodilov VI, Yurkov GY, Berlin AA. Structure and Properties of Epoxy
Polysulfone Systems Modified with an Active Diluent. Polymers. 2022; 14(23):5320.
https://doi.org/10.3390/polym 14235320

Bourganel, J. (1974). Process for the preparation of anisotropic semi-permeable
membranes of polyaryl ether/sulphones https://ppubs.uspto.gov/pubwebapp/

Journal of High School Science 7(2), 2023


https://ppubs.uspto.gov/pubwebapp/
https://doi.org/10.3390/polym14235320
https://doi.org/10.3390/polym11030461
https://doi.org/10.3390/polym11020380
https://www.plastech.biz/en/news/World-s-first-particle-foam-based-on-polyethersulfone-from-12963
https://www.plastech.biz/en/news/World-s-first-particle-foam-based-on-polyethersulfone-from-12963
http://doi.org10.1021/acssuschemeng.1c05059
https://doi.org/10.3390/polym14050980
https://samcotech.com/types-of-membrane-fouling-and-causes/
https://samcotech.com/types-of-membrane-fouling-and-causes/

27.

28.

29.

30.

31.

32.

33.

34.

35.

Review paper

Bowry, S. K., Gatti, E., & Vienken, J. (2011). Contribution of Polysulfone Membranes
to the Success of Convective Dialysis Therapies. Contributions to Nephrology,173, 110—
118. https://doi.org/10.1159/000328960

Annual Data Report. (2021). United States Renal Data System.
https://adr.usrds.org/2021

Charcosset, C. (2012). Membrane chromatography. In C Charcosset (Ed) Membrane
Processes in Biotechnology and Pharmaceutics, (pp 170-212). Elsevier

Linnes, J.C., Rodriguez, N.M., Liu, L. et al. Polyethersulfone improves isothermal
nucleic acid amplification compared to current paper-based diagnostics. Biomed
Microdevices 18, 30 (2016). https://doi.org/10.1007/s10544-016-0057-z

Dehghan, R., Barzin, J. Development of a polysulfone membrane with explicit
characteristics for separation of low density lipoprotein from blood plasma (2020).
Polymer Testing, 85, art. no. 106438.
https://doi.org/10.1016/j.polymertesting.2020.106438

Malik, A.A., Kour, H., Bhat, A., & Kour, N. (2014). Membrane separation technology in
food and allied industry International Journal of Processing and Post harvest

technology,5, 92-98 http://researchjournal.co.in/upload/assignments/5 92-98 3333 .pdf

Mamah, S. C., Goh, P. S., Ismail, A. F., Suzaimi, N. D., Yogarathinam, L. T., Raji, Y.
0., & El-badawy, T. (2021). Recent development in modification of polysulfone
membrane for water treatment application. Journal of Water Process
Engineering,40,101835 https://doi.org/10.1016/j.jwpe.2020.101835

Desalination Essential Guide. Retrieved 10-6-2022
https://www.aquatechtrade.com/news/desalination/desalination-essential-guide/

Dawwam, G.E., Abdelfattah, N.M., Abdel-Monem, M.O. et al. An immobilized
biosorbent from Paenibacillus dendritiformis dead cells and polyethersulfone for the
sustainable bioremediation of lead from wastewater. Sci Rep 13, 891 (2023).
https://doi.org/10.1038/s41598-023-27796-w

Journal of High School Science 7(2), 2023


https://doi.org/10.1038/s41598-023-27796-w
https://www.aquatechtrade.com/news/desalination/desalination-essential-guide/
https://doi.org/10.1016/j.jwpe.2020.101835
http://researchjournal.co.in/upload/assignments/5_92-98_3333.pdf
https://doi.org/10.1016/j.polymertesting.2020.106438
https://doi.org/10.1007/s10544-016-0057-z
https://adr.usrds.org/2021
https://doi.org/10.1159/000328960

36.

37.

38.

39.

40.

41.

42.

43.

Review paper

Sydonne Swaby, Nieves Urenia, Maria Teresa Pérez-Prior, Carmen del Rio, Alejandro
Virez, Jean-Yves Sanchez, Cristina lojoiu, Belén Levenfeld, Proton conducting
sulfonated polysulfone and polyphenylsulfone multiblock copolymers with improved
performances for fuel cell applications, Journal of Industrial and Engineering
Chemistry, Volume 122,2023,Pages 366-377, https://doi.org/10.1016/].jiec.2023.02.037

Vinodh R, Atchudan R, Kim H-J, Yi M. Recent Advancements in Polysulfone Based
Membranes for Fuel Cell (PEMFCs, DMFCs and AMFCs) Applications: A Critical
Review. Polymers. 2022; 14(2):300. https://doi.org/10.3390/polym14020300

Carbone A, Pedicini R, Gatto I, Sacca A, Patti A, Bella G, Cordaro M. Development of
Polymeric Membranes Based on Quaternized Polysulfones for AMFC Applications.
Polymers. 2020; 12(2):283. https://doi.org/10.3390/polym12020283

Bender J, Mayerhofer B, Trinke P, Bensmann B, Hanke-Rauschenbach R, Krajinovic K,
Thiele S, Kerres J. H+-Conducting Aromatic Multiblock Copolymer and Blend
Membranes and Their Application in PEM Electrolysis. Polymers. 2021; 13(20):3467.
https://doi.org/10.3390/polym13203467

Wang, H.,, Wang, H., Sun, R. et al. Preparation of hierarchical micro-meso porous
carbon and carbon nanofiber from polyacrylonitrile/polysulfone polymer via one-step
carbonization for supercapacitor electrodes. Electrochimica Acta, Volume 441,2023.
https://doi.org/10.1016/j.electacta.2023.141827

A.S. Cruz Zavala, V.A. Escobar-Barrios, Sulfonation of a flexible and unexpected
electrically conductive polysulfone and its performance in perovskites solar cells,
Materials Today Chemistry, Volume 16,2020,100212,ISSN 2468-5194.
https://doi.org/10.1016/;.mtchem.2019.100212

Nakamura H, Shirakawa Y, Kitamura H, Sato N, Takahashi S. Poly (ether sulfone) as a
scintillation material for radiation detection. App! Radiat Isot. 2014 Apr;86:36-40. doi:
https://doi.org/10.1016/j.apradiso.2013.12.028.

Nakamura, H., Mori, K., Shirakawa, Y., et al. Potential alpha particle detection with thin
poly(ether sulfone) substrates. Phys Scr 97, 8 (2022). https://doi.org/10.1088/1402-
4896/ac807¢

Journal of High School Science 7(2), 2023


https://doi.org/10.1088/1402-4896/ac807e
https://doi.org/10.1088/1402-4896/ac807e
https://doi.org/10.1016/j.apradiso.2013.12.028
https://doi.org/10.1016/j.mtchem.2019.100212
https://doi.org/10.1016/j.electacta.2023.141827
https://doi.org/10.3390/polym13203467
https://doi.org/10.3390/polym12020283
https://doi.org/10.3390/polym14020300
https://doi.org/10.1016/j.jiec.2023.02.037

44.

45.

46.

47.

48.

49.

50.

Review paper

Ramirez-Coronel AA Mezan SO, Patra I et al . A green chemistry approach for
oxidation of alcohols using novel bioactive cobalt composite immobilized on
polysulfone fibrous network nanoparticles as a catalyst Front. Chem., 20 December
2022 Sec. Green and Sustainable Chemistry Volume 10 —2022.
https://doi.org/10.3389/fchem.2022.1015515

Michele Galizia, Won Seok Chi, Zachary P. Smith, Timothy C. Merkel, Richard W.
Baker, and Benny D. Freeman. 50th Anniversary Perspective: Polymers and Mixed
Matrix Membranes for Gas and Vapor Separation: A Review and Prospective
Opportunities Macromolecules 2017 50 (20), 7809-7843.
https://doi.org/10.1021/acs.macromol.7b01718

Feng F, Liang C-Z, Wu J, Weber M, Maletzko C, Zhang S, Chung T-S.
Polyphenylsulfone (PPSU)-Based Copolymeric Membranes: Effects of Chemical
Structure and Content on Gas Permeation and Separation. Polymers. 2021; 13(16):2745.
https://doi.org/10.3390/polym13162745

Kim, K. S., Lee, K. H., Cho, K., & Park, C. E. (2002). Surface modification of
polysulfone ultrafiltration membrane by oxygen plasma treatment. Journal of Membrane
Science, 199(1-2), 135-145 https://doi.org/10.1016/s0376-7388(01)00686-x

Bormashenko, E., Balter, S., Malkin, A., & Aurbach, D. (2013). Polysulfone
Membranes Demonstrating Asymmetric Diode-like Water Permeability and Their
Applications. Macromolecular Materials and Engineering, 299(1), 27-30

https://doi.org/10.1002/mame.201200421

Bormashenko, E., Pogreb, R., Whyman, G., Bormashenko, Y., Jager, R., Stein, T.,
Schechter, A., & Aurbach, D. (2008). The Reversible Giant Change in the Contact
Angle on the Polysulfone and Polyethersulfone Films Exposed to UV Irradiation.
Langmuir, 24(12), 5977-5980 https://doi.org/10.1021/1a800527q

Rajajeyaganthan, R., Kessler, F., de Mour Leal, P. H., Kiihn, S., & Weibel, D. E. (2011).
Surface Modification of Synthetic Polymers Using UV Photochemistry in the Presence
of Reactive Vapours. Macromolecular Symposia, 299-300(1), 175182

https://doi.org/10.1002/masy.200900128

Journal of High School Science 7(2), 2023


https://doi.org/10.1002/masy.200900128
https://doi.org/10.1021/la800527q
https://doi.org/10.1002/mame.201200421
https://doi.org/10.1016/s0376-7388(01)00686-x
https://doi.org/10.3390/polym13162745
https://doi.org/10.1021/acs.macromol.7b01718
https://doi.org/10.3389/fchem.2022.1015515

Review paper

51. Kessler, F., Kiihn, S., Radtke, C., & Weibel, D. E. (2012). Controlling the surface
wettability of poly(sulfone) films by UV-assisted treatment: benefits in relation to
plasma treatment. Polymer International, 62(2),310-318
https://doi.org/10.1002/pi.4302

52. Whyman, G., Danchuk, V., Pogreb, R. Influence of UV irradiation in nitrogen and air
environment on dielectric properties of ultrathin polysulfone films revealed using
surface plasmon resonance method. International Journal of Polymer Analysis and
Characterization (2018). https://doi.org/10.1080/1023666X.2018.1501950

Journal of High School Science 7(2), 2023


https://doi.org/10.1080/1023666X.2018.1501950
https://doi.org/10.1002/pi.4302

