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Reverse Osmosis and Nanofiltration membranes for highly 
efficient PFASs removal: overview, challenges and future 
perspectives 

Teresa F. Mastropietroa, Rosaria Brunoa, Emilio Pardo*b and Donatella Armentano*a  

Today, it is extremely urgent to face the increasing shortage of clean and safe water resources, determined by the 

exponential growth of both world population and its consumerism, climate change and pollution. Water remediation from 

traditional chemicals and Contaminants of Emerging Concerns (CECs) is supposed to be among the major methods to solve 

water scarcity issues. Reverse Osmosis (RO) and Nanofiltration (NF) membrane separation technologies have proven to be 

feasible, sustainable and highly effective methods for the removal of contaminants, comprising the extremely persistent and 

recalcitrant perfluoroalkyl substances (PFASs), which failed to be treated through the traditional water treatment 

approaches. So far, however, they have been unable to assure PFASs levels under the established guidance limits for drinking 

water and still suffer from fouling problems, which limit their large-scale application. Novel configurations, improvement in 

process design and the development of high-performant materials for membrane production are important steps to tackle 

these issues, especially in view of new more stringent regulations limiting PFASs content in drinking water. As a possible 

future strategy, nanocomposite Mixed Matrix Membranes (MMMs) offer a platform of advanced materials which promise 

to revolutionize  RO/NF technology for water treatment. In particular, the introduction of MOFs as adsorbent fillers in the 

polymeric membrane matrix appears as a viable approach for the effective and selective capture and removal of PFASs from 

water. The objective of this review is to provide a dedicated outlook on the most recent advances in RO and NF membrane 

technologies for PFASs removal. The effects of membrane properties, the solution chemistry, and contaminant properties 

on the RO/NF performances will be discussed in detail. Future challenges are also discussed, offering new perspectives 

toward the development of new advanced membranes with improved performance for PFAS removal, which are likely to 

significantly progress RO and NF technology for water remediation. 

1. Introduction 

 

Contaminants of Emerging Concern (CECs) include a wide 

range of microbiological and chemical pollutants that have been 

detected in water, which impact ecological and human health, 

and typically are not regulated under current environmental 

and national primary drinking water laws.1,2 They comprise 

agriculture and urban runoff, manufacturing waste, and 

industrial chemicals and products, including pharmaceuticals. 

CECs have the ability to enter the water cycle after being 

discharged as waste, eventually reaching the public water 

supply system.3 Emerging contaminants are suspected of 

originating toxic mechanisms in human bodies and some of 

them are recognized as carcinogens by the United States 

Environmental Protection Agency (US EPA).4   

Perfluoroalkyl substances (PFASs) are a large group of man-

made chemicals, which include perfluorooctanic acid (PFOA) 

and perfluorooctane sulfonate (PFOS) as the more renowned 

representatives, that have been identified as emerging 

contaminant of concern.5 PFAS are not new pollutants and their 

production, usage and environmental dumping has occurred 

since the 1940s. However, it is only recently that  it has emerged 

the need of regulating PFASs, due to their ubiquitous presence 

along with the increasing awareness of their environmental and 

toxicological effects (Figure 1). During manufacturing and their 

industrial and household uses, which range from firefighting 

activities to the production of repellent coatings or food 

packaging products,6-8 these compounds are released into the 

environment (surrounding soil and surface and groundwater), 

where they are extremely persistent, (i.e.  resistant to typical 

environmental degradation processes).9,10  
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Fig. 1. Consumer products containing PFAS. Picture source: 

https://www.defence.gov.au/Environment/pfas/PFAS.asp 

They also have a high capacity for transport and infiltration, 

being even found in oceans and Arctic. There is evidence that 

exposure to PFAS can lead to adverse human health effects and 

they can bioaccumulate over time in the human body and in 

wildlife.11-13 World Health Organization categorized them as 

possible carcinogen and teratogen. The maximum contaminant 

level (MCL) for PFAS has not yet been established by EPA, which 

took another important step this year in implementing the 

Agency’s PFAS Action Plan by proposing regulatory 

determinations for PFOS and PFOA in drinking water. However, 

total lifetime health advisory (LTHA) of 70 ng/L (0.07 ppb) for 

PFOS and/or PFOA has been recommended in 2016 for drinking 

water to minimize potential adverse health effects with a 

margin of safety.14-15 Regulatory action has also been adopted 

in the EU for limiting the concentrations of PFOS in consumer 

products and its industrial use.16 

 As a consequence, the use of PFOA and longer chain 

homologues is currently being discontinued worldwide, but 

they are usually replaced by shorter chain PFASs, due to the lack 

of available appropriate alternatives.7-8,17 Unfortunately, short 

chain PFAS have been less extensively studied, despite being 

also highly persistent in the environment and their removal 

being even more challenging.18-20 In this connection, it has been 

recently found that they can accumulate at high levels in leafy 

vegetables and fruits and they can transfer to humans or 

animals through the food chain.21 Some other alternative 

compounds are readily biodegradable, but still are converted 

into persistent compounds. For example, the 6:2 fluorotelomer 

alcohol (6:2 FTOH), which contains six fully fluorinated carbon 

atoms, degrades in perfluorohexanoic acid (PFHxA) and 

perfluoropentanoic acid.22 

Based on their chemical properties, PFAS are recalcitrant 

compounds and the traditional groundwater/water treatment 

approaches, such as bioremediation, chemical oxidation, 

coagulation, adsorption and micro-/ultrafiltration have not 

shown to be highly effective in removing PFASs.23 In turn, 

other less-conventional methods such as anion exchange and 

granular activated carbon treatment,24-25 have demonstrated 

higher efficiency to remove, selectively, long-chain PFASs, 

whereas high pressure nanofiltration (NF) and reverse osmosis 

(RO) demonstrated significant removal for all the PFASs, 

including the smallest perfluorobutanoic acid, even in some full-

scale studies.26-29 

Many reviews described these different methodologies 

which can be applied to remediate to PFASs contamination, and 

when RO and NF are discussed, reported results are generally 

limited to trans-membrane flux and membrane rejection 

ability.23,25,28 The objective of this review is to provide a 

dedicated outlook on the most recent advances in RO and NF 

membrane technologies for PFASs removal, since both 

technologies showed promising results for the emergent class 

of short-chain PFASs. The main novelty will be the examination 

of the effects of membrane properties (e. g. roughness and 

surface charge), the solution chemistry (e.g., solute 

concentration and ionic environment), and contaminant 

properties (e.g., molecular size, charge, and hydrophobicity) on 

the RO/NF performances. Future challenges are also discussed, 

including new perspectives toward the development of new 

advanced membranes with improved performance for PSAS 

removal. 

2. Basic of RO and NF technologies. 

Membrane separation technologies are based on the use of 

permselective membranes able to preferentially transport 

some components more readily than others (Figure 2).30-34 

The main advantages of membrane technology over other 

separation/purification methods are high removal capacity, 

modularity, flexibility of operations, minor energy requirement 

and cost effectiveness. In pressure-driven membrane 

processes, the mass transport through the membrane is 

generated by a hydrostatic pressure gradient through the two 

sides (feed and permeate) of the membrane.33-34 As a result, a 

permeate and a retentate streams are produced, containing all 

components that have permeated or that have been rejected 

by the membrane, respectively. The performance of a pressure-

driven separation process is determined by the membrane 

separation properties and the filtration rate. RO membranes 

feature extremely small pores (in the range of 0.1–1 nm) and 

are generally used to separate low molecular weight 

compounds and ions from pure solvent.34 RO operations require 

high-pressure, which determine considerable energy costs, and 

result in lower fluxes compared with other filtration processes. 

Operating pressures, suitable to obtain significant 

transmembrane fluxes, vary in the range of 10-100 bar, 

depending on the osmotic pressure of the feed mixture. 
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Fig.2. Preferential transport through a porous membrane in a pressure-driven filtration 

process (a); different filtration stages, including microfiltration (MF), ultrafiltration (UF), 

nanofiltration (NF) and reverse osmosis (RO) are necessary for a full water treatment 

process. 

A solution-diffusion mechanism is mainly involved in the 

separation of compounds having different diffusivities and 

solubility in the membrane matrix.34-35 NF is typically based on 

the use of asymmetric, composite membranes with pore size 

between 0.5 and 2 nm and employs lower operating pressures, 

typically between 5 and 40 bar, which allow inferior 

maintenance costs.36 It is essentially used to separate small 

organic molecules and multi-valent ions from water. The 

separation mechanism in NF processes is mainly determined by 

size exclusion.  

Many factors can impact the rejection ability of RO and NF 

processes and they can be grouped into three main 

categories37: size exclusion, electrostatic repulsion between 

charged solutes and membrane surface, and solute-membrane 

affinity, the latter depending on the physiochemical properties 

of both solutes and the membrane surface and including 

hydrophobic, hydrogen bonding and dipole interactions. 

Membrane fouling is another important factor influencing both 

the trans-membrane flux and the rejection ability of the 

membranes and is one of the most important limitations for the 

industrial application of membrane-based purification 

technologies.38-39 This phenomenon is caused by the 

accumulation of macromolecular or colloidal species on the 

membrane surface (concentration polarization and gel or cake 

layer formation) or by the physico-chemical interactions of 

these solutes with the membrane surface, such as adsorption 

on the membrane pore walls and pore plugging. The degree of 

membrane fouling determines the frequency of cleaning and 

the lifetime of the membrane, and therefore it significantly 

affects the cost, design and operation of membrane plants.  

 

2.1 The core of RO and NF processes: composite 

polymeric membranes.  

Existing membranes for water treatment are typically made of 

organic polymers. Organic polymeric membranes are 

advantageous if compared to inorganic membranes, due to 

easier processing and appropriate robustness.40-41 Commercial 

RO and NF membranes used for water purification from PFASs 

are predominantly thin film composite (TFC) polyamide (PA) 

membranes (Table 1).41-42  

Typically, these TFC membranes consist of three layers: a thin 

selective fully aromatic or piperazine-based PA top-layer, a 

microporous polysulfone support layer, and a non-woven fabric 

layer for ensuring the mechanical resistance (Figure 3). The PA 

top layer mainly determine the membrane properties and 

performances during RO and NF. The PA layer is usually realized 

by interfacial polymerization, and is generally rough, due to the 

ridge-and-valley structures at the interface with the polysulfone 

sublayer.42 Most of the NF and RO membranes are negatively 

charged43 at pH 5-6, consequently apolar interactions can be 

expected with neutral species as well as polar interactions 

predominantly with electron acceptor molecules.44 Often post-

treatment steps are applied, such as the application of a coating 

layer, to protect or modify the membrane surface.45-46 Both the 

polyamide chemistry and the surface coating can strongly affect 

the properties of the membrane and contribute to determine 

its long-term performances.47-50  

 
Table 1.  Common Commercial RO and NF membranes. 

 

For example, neutral hydrophilic coatings are often applied for 

simultaneously smoothing the membrane surface, improving its 

hydrophilicity and reducing the surface charge.51  

Unfortunately, for commercial membranes, the exact chemistry 

and the details of eventually applied post-treatments are 

usually not accessible to the end-user. Finally, the feed 

composition (i. e. nature and concentration of the solutes, pH, 

ionic strength of the solution, presence of foulants, etc.) and the 

operating conditions (i. e. applied pressure, trans-membrane 

flux, temperature, etc.) also have a role in determining the 

membrane properties and the final process performance.43-44,52 

Details on these subjects will be given in the next section, where 

a thorough survey of the application of RO and NF for PFAS 

removal will be reported. 
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Fig. 3 Typical structure of a modified thin film PA composite membrane for RO/NF 

processes. 

3. RO and NF membrane separation processes 
toward PFASs removal from water. 

From a chemical point of view, PFASs are water soluble, 

amphiphilic molecules.5,53 They are composed by hydrophobic 

fluorinated alkyl chains terminated by either hydrophilic, weak 

carboxylic or sulphonic acid functional groups (Table 2). As 

other surfactants, they can form micelles at high concentration, 

which often complicate the filtration process. They exhibit very 

low vapor pressures, high transportability and diffusivity. 

Moreover, the intrinsic stability of the C-F bonds makes it 

difficult to degrade through metabolic, environmental and 

conventional chemical processes, determining their progressive 

accumulation. These properties make the traditional 

technologies for wastewater treatment not suited for PFAS 

remediations. New technologies to treat and capture PFASs 

from wastewaters must therefore be developed to ensure safe 

levels of these toxic and persistent compounds in drinking 

water. 

To date, pressure-driven membrane operations, such as RO and 

NF membrane-based processes have been demonstrated to be 

suitable for PFAS treatment, even in the case of short-chain 

compounds, which fail to be treated with other techniques. The 

feasibility of membrane treatment of PFOS has been first 

demonstrated in a RO process.54 Commercial thin-film 

composite polyamide RO membranes (ESPA3, LFC3, BW30, SG) 

were used in this study. A dense polyamide top-layer of few 

hundred nanometres embedded with LR acrylic white resin 

constitutes the selective layer for these membranes. PFOS 

rejection tests were performed using different feed solution 

concentrations over a range of 0.5-1600 ppm, whose pH was 

adjusted to 4. The most concentrated feed solution also 

contained 5% isopropyl alcohol, for increasing the PFOS 

solubility and preventing phase separation. Rejection to PFOS 

exceeded 99% for feed solution concentrations higher than 1 

ppm. The mechanism of rejection was mainly attributed to size 

exclusion effects, most likely determined by the dimension and 

rigidity of PFOS molecules, while the contribution of 

electrostatic repulsion was judged negligible at this pH value. A 

significant flux reduction was observed especially for the more 

permeable membranes for feed concentration higher than 10 

ppm, due to membrane fouling. These results were confirmed 

in a successive study, which demonstrated the feasibility of RO 

process to reduce the PFAS concentration in pre-treated 

firefighting water at large scale and over several days.55 The 

solutions used for the RO tests contained a fluorinated 

surfactant at different concentrations (from 527 to 8216 mg L-

1) and several other non-fluorinated surfactants. 

 
Table 2. Some common PFASs with Abbreviations, Chemical Formulas, Molecular 

Weights, and pKa values. * 

*adapted with permission from Ref. 59. Copyright 2008, American Chemical Society. 

Different membranes were tested in this work, including both 

PA composite (XLE and FT-30) and cellulose acetate (CD/CE) 

blend membranes. Taking into account the fluorinated 

surfactant retention and flux decline, composite PA membranes 

were selected as the most appropriate material. The rejection 

values obtained at laboratory and industrial scale for the 

fluorinated surfactant were in the range 99.4-99.9% for the PA 

composite membranes, and both the permeability (0.5 L h-1 m-2 

bar-1) and the retention rates were stable for several days. A 

significant flux decline was observed within the first minutes of 

the RO process, governed by the accumulation of surfactants on 

the membrane surface mainly via hydrophobic interactions.  

Research on PFAS removal with membrane-based processes 

were soon extended to NF. The first results were reported in a 

study where both RO and NF membranes were tested and 

compared.56 The NF membranes were commercial piperazine-

based polyamide membranes (DK, NF90, NF270). The removal 

efficiencies for RO membranes were confirmed to be higher 

than 99%, while those for NF membranes ranged from 90-99%. 

In both cases, flux reduction was observed and correlated to 

membrane properties. Smoother membranes experienced a 

minor flux reduction, probably due to both the reduced 

hydrodynamic shear in the proximity of the valley regions of the 

ridge-and-valley structures and the minor surface area available 

for adsorption. However, there was no evidence of cake layer 

formation due to PFOS accumulation on the membrane surface 
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even for the rougher membranes, as a result of PFOS solubility 

and electrostatic repulsion. Conversely, the authors 

demonstrated that PFOS can enter (or dissolve in) the PA layer 

relatively easily, due to is small cross section, the entrapment of 

PFOS molecules leading to pore narrowing or blocking, which 

finally reduces the flux over time. 

A more comprehensive study which investigates the NF 

performance under high PFOA concentration and different 

membrane operation conditions was reported later.57 This 

report also highlighted the effects of micelle formation at high 

PFAS concentration on NF process. The NF experiments for the 

removal of PFOA were carried out under a wide range of PFOA 

concentrations (100, 1000, and 10,000 mg∙L-1) with commercial 

NF270 and NF90 membranes. NF90 membrane exhibited the 

higher rejection values for all PFOA concentrations, due to its 

lower molecular weight cut off. For concentration lower than 

800 mg L-1, the PFOA was not detected in the permeate of 

NF90. The PFOA rejection of NF270 was lower and increased 

when the PFOA concentration increased, most likely due to the 

accumulation of PFOA molecules on the membrane surface, 

with a consequent reduction of pore size and enhancement of 

charge repulsion. The trans-membrane pressure (TMP) 

increased linearly with PFOA concentration and reached a 

plateau for concentration near the critical micelle concentration 

(CMC). Concurrently, an increase of rejection was observed due 

to the higher molecule size of dissolved species and the greater 

electrostatic repulsion resulting from micelle formation (Figure 

4a). The increase of TMP can be mitigated by high stirring speed, 

which reduced the solute accumulation at the membrane 

surface. The increase in temperature also decreases TMP, due 

to the decrease in the viscosity of the solution, but negatively 

affect rejection, most likely due to the resultant increase of the 

CMC and molecular diffusivity. The contribution of charge 

repulsion to rejection was highlighted by using feeds at 

different pH. The rejection increases for pH value above the 

isoelectric point of the membranes (pH values of 4, 6, 8), since 

both the membrane surface and the PFOA molecules are 

negatively charged but diminished for higher pH due to pore 

swelling. Higher permeate flux resulted in severe concentration 

polarization which increase TMP. 

Most of the reported studies mainly focused on PFOA and PFOS. 

However, as novel PFASs, and in particular shorter chain PFASs, 

are introduced in industrial practices and product formulation, 

it is likely that those compounds will become significant 

contributors to the total PFAS levels in drinking water in the 

near future.58 Accordingly, different studies appeared for 

assessing the effectiveness of NF for the removal of shorter 

chain PFASs. On average NF showed high removal efficiency 

even for PFAS molecules with molecular weights smaller than 

the membrane nominal cut-off, indicating membrane rejection 

mechanisms supplementary to size-exclusion. 

A study on the use of NF membranes for the removal of PFOA, 

PFOS and other PFASs with shorter and longer chain, including 

perfluoropentanoate (PFPnA), perfluorobutane sulfonate PFBS, 

perfluorohexanoate (PFHxA), perfluoroheptanoate (PFHpA), 

perfluorohexane sulfonate (PFHxS), was reported.59 Piperazine-

based commercial (NF270 and NF200) membranes were used 

for the experiments. NF tests were performed at pH 5.6, were 

the target PFAS molecules are charged (except for 

perfluorooctane sulfonamide FOSA) and just above the 

isoelectric point of the NF membranes. The effect of pH and 

ionic strength on rejection have been also investigated. Some 

NF membranes were pre-treated with a solution containing 

alginate, NaCl and CaCl2, to mimic a fouling environment. NF 

tests demonstrated that rejections were higher than 95% for 

charged species with MW of 300 g/mol or greater, while it drops 

at 75% when smallest PFASs are concerned. Moreover, for pH 

lower than the membrane isoelectric point (i. e. positively 

charged membranes), rejection diminished significantly 

regardless of the PFAS molecular weight, further proving that 

electrostatic repulsion between solutes and membrane surface 

is an effective contribution alongside size exclusion effects. On 

the contrary, the increase of the ionic strength (adjusted by 

tuning the of sodium chloride concentration) had a minor 

influence on rejection, indicating that it is less effective in 

reducing the charge repulsion. The presence of a foulant layer 

on the membrane surface also decreases the rejection of PFASs, 

due to foulant-enhanced concentration polarization, which 

improves the contaminant transport through the membrane. 

Regarding this subject, however, contradictory results have 

been reported into another study on the efficacy of NF for the 

removal of PFASs using bench-scale experiments.60 Pure and 

artificial ground water (AGW), containing short and long chain 

PFASs, were used as feed and, in some experiments, the NF270 

membranes were fouled with humic acid. Generally, very high 

rejection values were reported for all the PFASs examined in this 

work (>97%), except for the smaller molecular weight molecules 

PFBA (perfluorobutane), PFHxA, PFBS and PFHxS, for which 

reduced rejection values were observed (>93%). However, 

neither the fouling layer nor the AGW negatively affected the 

membrane performance during NF. Conversely, an increase of 

the retention of PFBS and PFHxS was observed. The authors 

attributed these outcomes to the steric hindrance caused by 

foulants on or within the membrane, that reduced the 

molecular weight cut-off of the membrane, as well as to 

enhanced electrostatic repulsion due to solute–foulant 

interactions.  

The ambiguous role of foulant was maybe elucidated in a more 

recent study. Home-made poly(piperazineamide) 

membranes42,61 were used in the NF of PFOS and PFBS solutions, 

with concentrations in the range of 25-150 μg L-1.62 The pH of 

the feed solutions was neutral. The differences in the molecular 

size between these two target molecules and in their ability to 

adsorb on the membrane surface via hydrophobic interactions 

mainly account for their different retention during NF. Indeed, 

while a size exclusion mechanism was attributed to the 

rejection of PFOS, which reached maximum values of 95,6 %, 

electrostatic repulsion was the preponderant and less effective 

mechanism for PFBS retention (rejection values < 69%). 
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Fig.4 Increase of rejection due to the higher molecule size and the greater electrostatic 

repulsion of micelles for PFAS concentration higher than CMC (a); Rejection based on 

size exclusion mechanism at high ionic strength, resulting from weaker 

electrostatic repulsion and pore shrinking (b); Rejection mechanism based on size 

exclusion due to the presence of organic foulant on the membrane surface which 

hinders PFOS transport (c); Rejection mechanism based on electrostatic repulsion 

due to the presence of organic foulant on the membrane surface which increases 

(c) or decreases (d) the net negative charge on the membrane surface. 

Feed solution with different ionic strength were also used, with 

very different results for PFOS and PFBS. The PFOS rejection 

increased as the ionic strength of the solution increased, due to 

pore shrinking, which further enhance size exclusion. On the 

contrary, PFBS rejection decreases at higher salt concentration, 

due to the reduction of the membrane surface charge and, 

hence, of the electrostatic repulsion (Figure 4b). Bovine serum 

albumin (BSA) and sodium alginate (SA) used as model foulants 

significantly influenced the rejection of PFOS and PFBS. 

However, while BSA and SA both improved PFOS rejection 

(Figure 4c) by size exclusion mechanisms, opposite outcomes 

were reported for PFBS. Indeed, SA facilitated PFBS rejection, 

while BSA decreased PFBS rejection (Figure 4d and 4e).  

Compared with SA, BSA had a lower charge and higher 

hydrophobicity which result in weaker electrostatic repulsion 

and stronger hydrophobic interactions with PFBS. 

The role of calcium ion on PFOS rejection during NF processes 

was also ascertained through dedicated experiments. Calcium 

ions are commonly present and detected in surface and natural 

water.63 Typical concentrations are around 81.2 mg/L (about 2 

mM),64 but it can reach values up to 7 mM.65 The calcium ions 

possess high charge neutralization capacity, could interact with 

PFOS and strengthen the cross-linkage between molecules of 

the contaminants. The results showed that PFOS rejection by 

NF270 membranes increased as calcium chloride 

concentrations increases, due to the potential bridging 

between Ca2
+ ions and sulfonate functional groups of PFOS, 

which resulted in a large molecular size.66 In a successive study, 

NF270 membranes were used for the removal of PFHxA from 

industrial process waters, containing the target pollutant at 

concentrations in the range 60-200 mg L-1 and several ions, 

including chloride, sulphate, bicarbonate, calcium and 

sodium.67 Unfortunately, the role of these ions on the process 

performance was not investigated in this study but, on the basis 

of the achieved results, their presence seems to have no 

negative impact. By increasing the operating pressure from 2.5 

to 20 bar, the PFHxA rejections varied in the range 96.6-99.4%. 

NF enabled a volume reduction factor of 5, increasing the PFHxA 

concentration in the retentate to 870 mg L-1. Trans-membrane 

flux was relatively stable, with no important reduction during 

the tests, and the degree of fouling was also marginal, proving 

that, at least in these conditions, the adhesion of the PFHxA 

molecules on the membrane surface is lower with respect to 

longer chain PFASs. 

4. Future and perspectives for RO and NF 
technologies for PFASs removal. 

Access to clean water resource continues to be an urgent and 

pressing global issue.68 In addition to water scarcity, the 

increasing use of chemicals, such as PFASs and other CECs, 

constitutes a risk for human health and environment and 

represents a challenge for the increasing demand of safe 

drinking water supplies. Removal of PFASs from the 

environment and water sources to below the established 

provisional guidelines, constitutes a challenge using current 

water treatment methods. RO and NF are proved to be 

effective, viable techniques for the removal of pathogens, 

pesticides and organic contaminants, including long and short-

chain PFASs, and could allow water remediation in a single 

treatment process. Even if the retention of these persistent 

pollutants is based primarily on size-exclusion, research 

published on this topic, demonstrated that many other factors 

could have a pivotal role in determining the final RO or NF 

performances.  

Among the main factors affecting RO and NF, the role of 

membrane chemistry, including membrane materials and 

membrane surface properties, was less systematically 

investigated for application to PFASs removal. Despite the 

outstanding achievements ensured by the commercially 

available membranes, progress in membranes for PFAS 

separation need to encompass in the future the selection of 

novel polymeric materials for membrane preparation, 

innovative design, coating and functionalization to obtain 

membrane with enhanced properties.40,69-74 Membrane 

preparation conditions need to be explored, also taking into 

account innovative nanotechnology approaches, for the fine-

tuning of the physico-chemical properties (e.g. pore size, 
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surface charge, hydrophilicity, surface roughness, and thermal 

and mechanical stability) with the aim of improving membrane 

selectivity, permeate flux and mitigating fouling phenomena.69-

70,75-78 

It is clear, however, that the use of membrane processes alone 

is not enough for the overall treatment of PFASs. Treatment 

and/or disposal of PFAS compounds retained in the concentrate 

stream remains a challenge, since sustainable and cost-efficient 

treatment methods have not been identified yet. If diluted PFAS 

solutions can be concentrated and separated from other co-

contaminants usually present in wastewater or raw drinking 

water, they could be directly reused in the emulsion 

polymerization processes or recovered by precipitation. This 

will not only eliminate pollution sources from water, but also 

result in economic benefits for the producers.57 It is likely that a 

multiple treatment technology will be the required approach to 

effectively address the complexities of PFAS mixtures and co-

contaminants present in environmental matrices. 

Recently, a nanofiltration membrane pilot plant combined with 

column adsorption experiments applying granular activated 

carbon (GAC) or anion exchange (AIX) was reported as a feasible 

approach for the removal of PFASs in full-scale drinking water 

treatment.79 

 

 

Fig. 5. Fabrication of nanocomposite MMMs through phase inversion process and main effects of nanofillers on the membrane properties (a). Different fillers for MMM fabrication 

(b). 

The combination of nanofiltration with GAC or AIX increases the 

efficiency of the adsorbent materials, GAC and AIX removing 

respectively 2.6-fold and 4.1-fold more PFAS mass per 

adsorbent volume from the concentrated retentate than from 

raw water. Nevertheless, despite these promising accounts, 

some reported studies examining the fate of PFASs in full scale 

water treatment plants in different countries, showed that 

current methodologies were generally unable to remove PFASs 

under the recommended levels, even when combined, with 

RO26,28-29,80-81 and GAC82 in a single removal steps, although GAC 

removal efficiency highly decrease for short chained PFASs. 

Additional mitigation strategies, as well as alternative and 

innovative technologies need to be examined. 

 

4.1 Nanocomposite membranes: targeting one-step PFAS 

adsorption and removal. 

Among all the applied methods, adsorption can be considered 

a suitable and profitable technique to be coupled with RO/NF 

for PFASs removal from raw water or wastewater, since it does 

not require high energy consumption, complicated operations 

and harsh conditions.59,79 Besides natural conventional 

adsorbent materials, some effective adsorbents have been 

synthesized to remove PFASs from aqueous solution, the most 

efficient ones displaying high and selective adsorption.83  

Dedicated filters and absorbents, coupled to RO/NF in 

powdered or granular form or ultimately used as membrane 

fillers, need to be designed and investigated in the future, to 

guarantee greater stability and reliability to pressure-driven 

membrane processes for PFAS removal, especially in view of 

future, more stringent drinking water regulations. In this 

scenario, advanced nanocomposite membranes fabricated by 

combining polymeric materials with nanofillers have emerged 

as the next generation of high-performance membranes, which 

promise to overcome the inherent limitations of membrane 

separation processes.71,84-89 These membranes can be designed 

to meet specific water treatment applications by tuning their 

structure and physico-chemical properties and to impart unique 

functionalities, such us antifouling, self-cleaning, photocatalytic 

or adsorptive capabilities (Figure 5). 

In this case, a multidisciplinary approach is required for a 

tailored design of both membranes and nanofiller materials, 

and to guarantee a homogeneous dispersion and stable 

inclusion of the nanofillers on/within the polymeric matrix. 

Different nanofillers have been used, including inorganic 

nanoparticles such as metals and metal oxides, zeolites and 

clays, carbon nanotubes (CNT) and graphene oxide (GO) and 

other organic and biomaterials (e.g. cyclodextrins and 

aquaporins), to prepare advanced membranes for a variety of 

potential applications covering the entire range of filtration.71, 

84-86 In particular, nano-adsorbers have been profitably included 

in membranes for removal of organic pollutants from water and 

for the selective recovery of heavy metals by a synergic 

combination of adsorption and separation.87-89 Thanks to their 
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versatile architectures, regular and adjustable pore size and 

functionalities and their high specific surface area, Metal-

Organic Frameworks (MOFs), and more recently Covalent 

Organic Frameworks (COFs), are surged as promising fillers to 

be included in advanced NF membrane processes.90-95 As fillers, 

MOFs have the ability in altering the polymer structures and 

properties, enhancing the overall hydrophilicity. The intrinsic 

porosity of MOFs can provide additional molecular 

transportation pathways that can lower internal diffusion 

resistance and hence improve water permeances of NF or RO 

membranes. Moreover, MOFs and MOF-based MMMs can 

exhibit solid phase-extraction ability, featuring high and 

selective absorption capacity, and have been proposed as 

prospective in the adsorption of trace substances.96-98 

Furthermore, the modular nature of so called multivariate 

(MTV)-MOFs99 opens up vast possibilities for their 

implementation as filler in membranes for water remediation, 

being capable to capture contaminants of very different nature 

at once.100 Many synthetic strategies have been proposed to 

include MOFs in polymeric matrices and to improve the 

interfacial interactions between the polymer and the fillers, 

thus minimizing defect formation in these MOF/polymer hybrid 

films or functional coating layers without blocking the pore 

access.101-103 MOFs in their crystalline powered formulation 

have proven to be particularly useful for the selective removal 

of long- and short-chain PFASs.104-106 

 

 

 

 

Fig. 6. a) Schematic of the interaction of PFOS and MOFs with different metal nodes; b) Adsorption kinetics of PFOS on MIL-53(Al)-BPDC, MIL-53(Al)-NDC and MIL-53(Al); c) The effect 

of metal nodes on PFOS adsorption. Adapted with permission from Ref. 105. Copyright 2021, Elsevier.. 

Synergistic effects are important for the final material 

performances. Tang et al,105 very recently demonstrate that 

among three metal nodes of the MOF series MIL-53(Al), MIL-

53(Fe) and MIL-101(Cr), it is MIl-53(Al) which exhibit the best 

PFOS adsorption performance owing to the combined action of 

the highest unsaturated metal active sites and the smallest pore 

size (Figure 6). Both the MOF topology and surface 

functionalities influence PFAS sorption, and improved 

performances have been observed for MOFs with large pores 

containing Lewis acid sites (e.g. unsatured metal centres), 

organic ligands with high attractive interactions to sorbates or 

opportune functionalities introduced through postsynthetic 

methods (PSM).106-110 While large pores assure high diffusivity 

and greater accessibility for the targeted PFAS molecules, 

surface functionalities provide strong sorption sites, which 

mainly act through both hydrophobic and electrostatic 

interactions (Figure 7). Impressive results have been obtained 

with a mesoporous cationic thorium-based MOF, SCU-8, which 

was able to remove up to 96% of the PFOSs when added to a 1 

mg l−1 of PFOS solution with fast kinetic and high selectivity.104 

Quantum mechanical and molecular dynamics simulations 

reveal that PFOS anions are immobilized in SCU-8 by different 

driving forces, including electrostatic interactions, hydrogen 

bonds, hydrophobic interactions, and van der Waals 
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interactions, which come into play at different adsorption 

stages. Recently, NH2-MIL-125 powders commercialized at scale 

as AYRSORB T125 by the Framergy Company have emerged as 

a cutting-edge technology for the simultaneous efficient 

capture and photocatalytic degradation of PFASs. 

 

 

Fig. 7. MOF-based MMMs could selectively filtrate and remove PFASs from raw water. PFASs molecules are adsorbed within the MOF channels through multiple cooperative 

interactions.

This MOF comprise a Ti8O8(OH)4 clusters and amino terephthalic 

acid, which allow to tailor the photocatalytic properties, shifting 

the absorption band of the material from the ultraviolet (UV) to 

the visible region.112, 113  

Unfortunately, to the best of our knowledge, the use of 

nanocomposite membranes and MOF-MMMs has not gained 

significant attention in the research for PFASs removal, and a 

sole literature record appeared during the writing of this 

manuscript, regarding hybrid MOF-based membranes for PFOA 

removal from water.114 These MMMs were prepared by using 

very high loadings (up to 80%) of UiO-66 MOF combined with a 

rubber-like thermoplastic polymer, poly(ethylene-co-

vinylacetate) EVA copolymer. The MMMs were tested for 

sorption and removal of POFA by filtration of a 500 ppm 

solution of the pollutant through a syringe filter. After a single 

passage, a very low PFOAs uptake was observed. By switching 

to a fluorine-based polymer binder (PVDF) uptake increased 

significantly, indicating that differences in polymer 

hydrophobicity, MOF pore access, or other differences in the 

MOF−polymer interactions are likely to influence the PFOA 

uptake. Taking into account that the filtration/adsorption tests 

were performed through an expeditive filtration within a 

syringe, these results clearly show that MOF-based composite 

membranes can remove PFOA from solution in simple dead-

stop filtration conditions, which could be substantially 

optimized by a careful choice of the polymer binder. 

5. Conclusions 

RO and NF membranes have started being used, recently, in 

water purification processes for PFASs removal, with promising 

results. However, they are not able yet, to assure PFAS levels 

under the established guidance limits for drinking water. 

Furthermore, problems persist in fouling control and mitigation, 

which represent a drawback of the established RO/NF 

technologies and a hindrance to large-scale application. Novel 

configurations, improvement in process design and the 

development of high-performance materials for membrane 

production are important steps to tackle these limitations, 

especially in view of new more stringent regulations limiting 

PFASs content in drinking water. Further efforts are needed to 

produce membranes with better selectivity, improved flux and 

reduced fouling propensity. As a possible future strategy, the 

introduction of nanomaterials and/or adsorbent fillers in the 

polymeric membrane matrix appears as a viable approach, 

which has proved to produce significant effect on membrane 

performances for both RO/NF processes. In recent years, the 

use of MOFs for environmental remediation has gained 

considerable interest. They promise to effectively capture and 

remove PFASs from water, even in MMMs, and hold the 

potential of revolutionizing the RO/NF technology. More 

attention should be paid in the future to enhance the 
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adsorption kinetic of MOF-based MMMs,93 which need to be 

consistent with the short residence time in the flow-through 

operation, assure reusability to abate costs and mitigate 

membrane fouling. Most importantly, these advanced hybrid 

membranes should provide quantitative recovery while being 

easily regenerated to be accepted as the next generation 

adsorbents on the market. 
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