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Per- and Polyfluoroalkyl Substances (PFAS) are anthropogenic chemicals consisting of thousands of individual species.
PFAS consists of a fully or partly fluorinated carbon—fluorine bond, which is hard to break and requires a high amount of
energy (536 kJ/mole). Resulting from their unique hydrophobic/oleophobic nature and their chemical and mechanical
stability, they are highly resistant to thermal, chemical, and biological degradation. To date, membrane technology is one
of the effective process, which can remove PFAS from wastewater. Moreover, there are very few novel membrane
approaches have been reported effective in removing and destroying PFAS.
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| 1. Background on Per- and Polyfluoroalkyl Substances (PFAS)

Per- and Polyfluoroalkyl Substances (PFAS) are anthropogenic chemicals consisting of thousands of individual species.
Resulting from their hydrophobic and oleophobic nature and chemical and mechanical stability, PFAS have been used
extensively worldwide since the 1940s as oil- and water-repellent products, mainly in non-stick household items, paints,
food packaging, cosmetics, lubricants, electronics, and aviation film-forming foam (AFFF) for firefighting . PFAS consist
of a carbon chain with carbon—fluorine (C—F) bonds which require a high amount of energy to break (536 kJ/mole) &,
resulting in stable compounds that are difficult to degrade naturally; therefore, they remain present in the environment for
long durations &I,

Exposure to PFAS may result in health issues such as hormonal imbalances, liver disfunction, a compromised immune
system, cancer, fertility disorders, negative effects on fetal growth, and learning ability in children &l Exposure routes are
by inhaling, ingesting, and direct skin contact 2. Furthermore, ultra-short chain PFAS (C < 2, e.g., C,Fg, CHF3, CF,, etc.)
are volatile as well as highly water-soluble, and can easily enter the human body when breathing or consuming food or
drinking water B, The adverse health effects of PFAS are not only limited to humans; they could be equally harmful to
animals and livestock 4!,

One of the main exposure routes to PFAS is by wastewater effluents & from industries manufacturing them or from
municipal wastewater impacted by PFAS-related products. As PFAS are not easily removed by conventional biological
wastewater treatment processes such as activated sludge 8, effluents were shown to contain varying PFAS species
which could contaminate the aquatic environment. In the US, wastewater effluents were shown to contain 2PFAS,g: 20—
4773 ng/L (from 29 PFAS species) in North Carolina & and ZPFAS;;: 442-2234 ng/L in Nevada 19. Similar data was
obtained in Europe, where IPFASg: 1.2-290 ng/L was obtained in the Netherlands 1112 SPFASg: 0.3-90.4 ng/L was
found in Germany 12, and YPFASg: 1.7-200 ng/L was found in Italy 12,

As the awareness of the presence and environmental and health impacts of PFAS has been growing, several countries
have published guidelines and regulations addressing PFAS concentrations in drinking water 23!, The US Environmental
Protection Agency has set the PFOA and PFOS (individually or combined) limit in drinking water to 70 ng/L 4, whereas
for the UK, Germany, Italy, Netherlands, and Sweden, it is 10, 300, 30500, 200—-390, and 90 ng/L, respectively 131,

Resulting from their stability, PFAS were shown to have limited biodegradation in environmental conditions and low
environmental concentrations 281, Biodegradation was shown only in specific cases of co-metabolism A8 Therefore,
the destruction or removal of PFAS is mainly based on high-energy incineration 12 or advanced oxidation processes, e.g.,
electrochemical oxidation, microwave treatment, photocatalytic degradation 232 pyrolysis, plasma-based treatment (22,
and sonochemical reactions 23 (Figure 1). As PFAS degradation techniques are energy extensive, they are relatively
expensive, especially considering the large volume and high flow rate of wastewater and groundwater requiring treatment.



Among the techniques mentioned, membrane-based treatment can concentrate low concentrations of PFAS present in

the wastewater/groundwater and is therefore one of the most effective treatment techniques in terms of cost and efficiency
[24][25](26]
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In recent years, a growing number of studies have addressed the environmental occurrence, fate, and transport of PFAS
in potable water and wastewater treatment plants, as well as varying treatment approaches [IZZ[28129)30]31] ' Therefore, it
is necessary to systematically review and critically analyze the state of knowledge and determine research gaps for
suitable and economically viable technology leading to PFAS removal from water.

| 2. Factors Controlling PFAS Separation by Membranes

PFAS rejection by membrane technology can be impacted through several parameters. To enhance or optimize the
process performance, it is necessary to understand the basic parameters that control and affect membrane treatment
efficiency. Here, researchers present some of the crucial parameters.

Effect of organic matter: Organic matter present in the feed solution can influence PFAS treatment by coupling or
reacting with the targeted PFAS compound, changing the membrane surface charge and leading to membrane fouling.
Most of the reported work investigated the effect of fulvic acid and/or humic acid as an organic matter in simulated
wastewater containing PFAS. However, the industrial wastewater matrix has a wide range of organic (proteins, amino
acids, humic acids, fulvic acid, carboxylic acid, etc.) or inorganic (heavy metals, sulfur, phosphorous, etc.) compounds
along with varying PFAS compounds. Organic matter was shown to bind to the membrane’s surface and lead to fouling. In
consequence, the permeate flux decreases, and the rejection rate may increase. Moreover, fouling caused by organic
matter deposition onto a composite membrane can impact the membrane’s surface charge, turning it more hydrophilic,
which may not favor the removal of large chain PFAS.

Effect of pH: Changes in the solution’s pH may impact the membrane’s surface charge according to the isoelectric point
of the compounds and the relevant groups at the membrane’s surface. Furthermore, in some cases, the membrane’s pore
size, flux, and rejection rate can be manipulated by changing the pH 223l Depending on the functional groups at the
membrane’s surface and their pKa values, the membrane’s surface may be positively charged, which attracts anionic
PFAS (negatively charged), resulting in a decrease in rejection. On the other hand, if the membrane surface is negatively
charged, the electrostatic interaction between anionic PFAS and negatively charged membrane can enhance PFAS
separation efficiency 28, In some cases, the membrane’s pore size can be manipulated by controlling the solution’s pH,
which affects PFAS removal B4, The electrostatic repulsion force inside the membrane pores may be reduced when the
pH is lowered, which leads to membrane pore size shrinkage and results in enhanced rejection rate 31,

Effect of ions and ionic strength: The interaction between different ions (present in water and on the membrane
surface) and PFAS is a critical factor. Due to electrostatic interaction between PFAS and ions present in the water, ions
can bind PFAS to form larger clusters which may even lead to partial pore-blocking 3. This is expected to reduce the
transport of short and long-chained PFAS through the membrane, resulting in a better PFAS removal. In addition, the
increase of valance ions present in the water matrix can improve the electrostatic interaction between PFAS and ions,
which promotes the PFAS clustering. For instance, the presence of PO,3~ resulted in better removal efficiency in
comparison with CI~ or SO, when assessing the removal of positively charged compounds. This phenomenon is not
only limited to anions, and the presence of divalent and trivalent cations (Ca?*, Pb?*, Fe3*) can also enhance PFAS

rejection.



Effect of chain length and hydrophobicity: PFAS are widely used for their hydrophobic and oleophobic nature. Long-
chain PFAS are considered more hydrophobic than short-chain PFAS due to the presence of a longer hydrophobic ‘tail’.
During membrane filtration of PFAS containing wastewater, PFAS are prone to interacting with solid surfaces (e.g.,
membranes) present in the system. Therefore, hydrophobic membranes may have an added value when used to remove
PFAS by coupling filtration and adsorption B89

Effect of membrane zeta potential: The zeta potential of a membrane is a function of surface-attached groups (e.g.,
carboxyl, amine groups) and of the ionic strength. Increasing the ionic strength typically results in a reduction in
membrane surface charge as a result of ‘shrinkage’ of the electrostatic double layer and masking of surface charge. As a
result, lower membrane surface charge leads to weak electrostatic repulsive forces between similar charged PFAS and
membranes and resulting in a reduced rejection rate 9. Accordingly, maximum rejections by electrostatic forces may be

achieved by increasing the charge density at the membrane surface, thus leading to higher electrostatic repulsion forces
[38]

Effect of membrane surface properties: Among different NF membranes, organic membranes have an advantage over
inorganic membranes, resulting from easier processing, appropriate robustness, and low cost B8, The active layer of the
membrane is a key component in quantifying the PFAS removal performance. The NF membrane surface is usually
negatively charged and hydrophilic, along with having a low molecular weight cutoff, which affects the membrane
performance. During the separation process, PFAS concentrate (micelles or hemi-micelles) can form on the membrane
surface due to concentration polarization. PFAS micelles are formed at relatively high concentrations . A critical
micelles concentration of PFOA and PFOS ranges between 25-38 mM and 8 mM, respectively 42,

The formation of micelles was shown to reduce the PFAS rejection caused by fouling enhanced concentration polarization
(CP), where the solute concentration at the membrane surface is remarkably higher than in the bulk solution 431,

In the case of PFAS removal via an adsorption-based process coupled with membranes, the membrane’s surface is
coated with adsorbent materials and the process is controlled by the characteristics of adsorbents, such as adsorbent
particle size, surface area, pore-volume, etc. In such cases, the electrostatic force between the membrane surface and
the PFAS mostly depends on the adsorbent material and not the membrane's properties 441,

The initial concentration of PFAS: The initial concentration of the PFAS in the feed affects both permeate flux and
removal efficiency.

Several reported studies 348 addressed the removal efficiency of PFAS when treating a high feed concentration (100
ppm). A high concentration of PFAS in the feed may lead to micelle formation when concentrations reach the critical
micelle concentration. While in typical wastewater and groundwater streams, it is very unlikely that the critical micelle
concentration will be reached; this should be noted when treating concentrated PFAS streams such as industrial effluents.

Since membrane technology for PFAS removal has several benefits over other available techniques (adsorption, ion
exchange resins, etc.), researchers will review and discuss aspects and modern techniques related to membrane
technology in the next section.

| 3. Novel Membranes for PFAS Rejection and Removal

The use of NF and RO membranes can efficiently remove PFAS from water but may be impacted by fouling or require
high pressure/energy to achieve appropriate separation 4. Various modifications have been suggested to improve the
membrane’s performance and longevity, including the development of novel membranes and surface modification of
commercial membranes, which play a critical role in PFAS rejection 48, Novel membranes developed for PFAS removal
and treatment are described below:

3.1. Polymeric Membranes

Linear fluorinated silane-functionalized aluminum oxide hydroxide-modified membranes with an effective pore size of 1
um were fabricated by Johnson et al. 48], The removal mechanism of PFOA (0.39 ng/L) and PFOS (0.86 ng/L) in this work
was based on the hypothesis that the perfluorinated side chains present on the prepared surface would have a favorable
fluorophilic (C-F---F-C) interaction with PFAS (Figure 2). The fabricated membrane (containing 13-17 fluorine atoms)
efficiently removed >90% (unmodified membrane showed ~80% removal) of the PFOA and PFOS at a high flux rate (1223
LMH, pressure drop 0.0413-0.317 bar, pH 7.5, filtration time 30 min). This work shows the advantage of using a
hydrophobic surface to remove PFAS by adsorption to the membrane’s surface. As the fluorophilic interaction is strong,



the membrane will eventually reach maximum capacity and rejection will be impacted; furthermore, such a mechanism
requires regeneration when reaching adsorption capacity. These have not been addressed in the presented work.
Furthermore, hydrophobic membranes have a higher fouling tendency in comparison to hydrophobic membranes, but
fouling of the membrane is not addressed. However, due to the hydrophobic surface, a high-pressure drop (0.317 bar)
was observed across the membrane thickness during the operation. To overcome or reduce the back pressure drop, the
membrane surface was further modified with hydrophilic poly(ethylene glycol) (PEG) units. The introduction of further PEG
modification successfully reduced the pressure drop (~0.0413 bar), and 99.9% PFAS removal was achieved. Furthermore,
a detailed analysis of membrane-fouling and regeneration/lifespan of the modified membrane needs to be done to
understand the process in detail 48],
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In addition, amyloid fibril-based membranes were used for the removal of 16 different PFAS (~400 ng/L) from wastewater
28] The membranes were able to efficiently remove 99% of long- and medium-chain PFAS (Molecular weight 214-714
Da). Solution pH was shown to impact the removal efficiency, as at low pH values (about pH of 2) the amyloid fibril
membrane becomes more positively charged and attracts negatively charged PFAS (due to electrostatic interactions).
Furthermore, the significant role of hydrophobic interaction between PFAS and amyloid surface was also shown with long-
chain PFAS, which were adsorbed to the hydrophobic surface. Finally, it was suggested that the amyloid-carbon hybrid
membrane (permeability ~1739 LMH/bar) shows better performance in short-chain PFAS removal (>96%) compared to a
pristine NF membrane (20-90%), resulting from a highly adsorbent amyloid-carbon surface. The operating cost of this
membrane ($ 0.042/m3, energy requirement 0.2 kWh/m?3) is moderate compared to the NF membrane ($ 0.016-0.16/m3
(49 energy requirement 0.528 kWh/m?3), and it is made up of by-products from the dairy industry (prepared in the water
phase and biodegradable), making it suitable, appropriate, and convenient for such an application. While results are
encouraging in terms of an economical and sustainable treatment approach that can be implemented to remove PFAS

efficiently from wastewater, further consideration regarding scaling up, fouling, and operational conditions is necessary
[28]

3.2. Ceramic Membranes

In addition to polymeric membranes, ceramic membranes have been used to remove PFAS. The principal advantages of
inorganic ceramic membranes over polymeric membranes include high thermal stability, mechanical strength, and
chemical stability. Ceramic membranes can withstand a broad range of temperatures and harsh pH environments.
Furthermore, they typically do not exhibit irreversible changes in structure that may affect their operational performance
(50511152 commonly used materials to develop ceramic membranes are microporous glasses, titania, silica, alumina,
zeolites, and zirconia 28], Methods used to fabricate inorganic ceramic membranes mainly involve sol-gel, solid-state
sintering, chemical extraction, phase-separation, and chemical vapor deposition B4, The pore size of commercially
available ceramic membranes ranges from approximately 4 nm to 10 um, which is similar to MF, UF, and NF membranes
B4l Therefore, ceramic membranes are less effective in rejecting and removing most PFAS, especially when addressing
short-chain PFAS.

While some ceramic membranes are not able to directly remove PFAS, they can be used for coupled processes, which
include adsorption and filtration, mainly used to separate the adsorbing material from the liquid phase; for example,
Murray et al. (2019) 25 used a commercial ceramic membrane along with a superfine powder activated carbon adsorbent
to remove a mixture of 12 different types of PFAS collected from a firefighting training area, with a concentration ranging
between 1.18-55.7 ng/L. In addition to removing the activated carbon (20 L adsorption tank, 100-500 mg/L), the ceramic
membrane (60—65 LMH, crossflow velocity 0.19 m/s, permeate flow 43—-48 mL/min, experiment duration 42—-200 h) was
able to mainly remove long-chain PFAS. The adsorption of PFAS was achieved by using different adsorbents (granular



activated carbon (GAC) and super fine powder activated carbon (SPAC)), and the parameters affecting the adsorption
capacity (SPAC > 480 x GAC) were adsorbent particle size (SPAC—0.88 pm, GAC—650 um), adsorbent pore size
(SPAC—2.70 nm, GAC—2.58 nm), adsorbent specific surface area (SPAC—927 m?/g, GAC—784 m?/g), and chain length
of PFAS (C4—Cg).

Resulting from adsorption followed by ceramic nanofiltration, the permeate sample contains substituted perfluoroalkane
derivatives and sulfonamide precursor substances (such as long-chain (3.3% FPeSA (Cs) and 0.7% FOSA (Cg)) and
short-chain(43% FBSA (C4) and 53% FPrSA (Cs)), which indicates the inefficient outcome of the system. The pressure
drop during the operation (reflected in specific flux calculation) confirms membrane fouling, mainly by the formation of a
cake layer (after ~150 L of wastewater treatment). During the activated carbon separation process, the carbon particles
can build up on the membrane surface and serve as a narrow protective layer that inhibits the foulants from reaching the
membrane surface. It is possible that the foulants are getting adsorbed and removed by the protective layer of carbon
formed on the membrane surface, which leads to a long-term operation of the membrane with minimum fouling. For the
long-term operation, the researchers have also used back-pulses for 2 s in every 5 min of interval to prevent fouling.
Further effort is needed to reduce the operating cost and remove short-chain PFAS [22],

3.3. Polyamide-Modified Thin Film Composite Membranes

Another approach to modifying membranes to enhance PFAS rejection was suggested by Nadagouda and Lee (2021);
they suggested modifying the NF/RO membrane’s surface charge using nano-porous polyamide. This modification
increased the negative charge at the membrane’s surface. A negative charge was estimated to enhance the rejection of
anionic PFAS molecules by electrostatic repulsion between the negatively charged membrane and anionic PFAS (Figure
3a,b), which can also help prevent fouling. Moreover, the researchers implied that elevated pH would improve the
rejection, as carboxyl groups at the membrane’s surface may be deprotonated, and therefore, the membrane’s negative
charge will increase 25,
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membrane surface with (a) PFOA adsorption and (b) charge-shielding by carboxyl groups preventing PFAS transport to
the membrane surface.

3.4. Modified Silica Membrane

Additional research by Zhou et al. (2016) (561 shows how PFAS (PFHxS, PFOS, PFHpA, PFOA, PFNA, PFDA, PFUNDA,
PFDoDA, and PFTA, concentration 0.5-50 ng/L, pH 3, volume 1 L) removal efficiency can be enhanced by a novel Fe30,4
nanoparticle-coated silica membrane with fluorinated groups (Fe30,@SiO,-NH»&F3). PFAS could be adsorbed by the
magnetic Fe304 particles due to electrostatic and F-F interaction (range of adsorption capacity is 13.2-111.14 mg/g, at
room temperature for 24 h). Compared to activated carbon (58.61% adsorption), the magnetic material (86.29%
adsorption) showed better adsorption capacity. The researchers confirm the stability and reusability (5 cycles of
adsorption and regeneration, by applying an external magnetic field and washing with acetonitrile: ammonia-methanol (7
mol/L) (6:4 v/v) and ethanol: water (5:5 v/v) solution three times, respectively) of the material, and showed no significant
reduction (<5%) in efficiency even after the fifth run. Furthermore, the addition of organic matter, i.e., humic acid, did not
show a significant influence on rejection; however, additional information is needed on fouling and fouling mitigation to
understand the applicability of such membranes 8!,

3.5. Graphene Oxide (GO)-Nanofiltration-Membranes

GO-nanofiltration-membranes were developed by Meragawi et al. (2020) B2 to remove PFAS from wastewater, and they
exhibited inferior performance (74.3% efficiency for 50 ppm PFOA, transmembrane pressure 1 bar, permeate flow rate 10



+ 2.1 LMH/bar) compared to normal NF membranes B8, GO had an extended interlayer spacing in aqueous media
because of water molecules clustering around the oxidized functional groups. This expanded interlayer spacing allows
water transport but prohibits PFOA molecules from passing the membrane due to size exclusion.

Further surface modification of the GO-membranes by solution casting of polyethyleneimine (PEI) improved its
permeance, selectivity, and mechanical stability. The electron-rich polyethyleneimine deoxygenates GO, leading to a
reduction in interlayered spacing and improving the hydrophobicity of the surface layer. Furthermore, the retention of GO-
PEI-modified membranes showed improved performance, resulting from the enhanced steric exclusion derived from the
decreased interlayer spacing (Figure 4a,b). The introduction of polyethyleneimine underwent reduction and cross-linking
reactions, and demonstrated a performance improvement (96.5% removal, permeate flowrate 15.9 + 1.3 LMH/bar, which
is an improvement of >22%) for the same concentration of PFOA. Furthermore, antifouling property and better abrasion
resistance were observed due to the hydrophilic surface (contact angle 24.7° of compared to GO membrane with a
contact angle of 54.8°). Antifouling ability was evaluated while filtering a solution containing bovine serum albumin (BSA,
30 mg/L, for 2 h). The fouled GO-PEI membranes showed promising results with sodium hydroxide (at pH 9 with 50 mL
for 15 min, followed by DI water wash for 2 h) wash instead of ethanol (at pH 9 with 50 mL for 15 min, followed by DI
water wash for 2 h) wash. This work demonstrates that the hydrophilic GO-PEI surface improves water permeance and
shows that incorporating a hydrophilic PEI layer on the top of the GO layer lowers the requirement of energy for water
permeance into hydrophobic pores, leading to further improvement while also improving PFOA rejection as a result of
membrane pore size &7,
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