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Abstract 64 

Poly- and perfluoroalkyl substances (PFAS) are synthetic chemicals, which reach 65 

terrestrial and aquatic environments through anthropogenic activities. Major sources of PFAS 66 

in the environment include fire-fighting foams (aqueous film forming foam (AFFF)), 67 

wastewater sources, biosolids, and composts. Limited information is available about PFAS in 68 

wastewater, which is the focus of this review. PFAS wastewater sources include domestic 69 

effluents, industrial effluents, landfill leachates, stormwater, and agricultural effluents through 70 

their use in various applications. Land application of PFAS-contaminated wastewater can lead 71 

to the contamination of soil and groundwater, thereby reaching the food chain through plant 72 

uptake and consumption of potable water. Landfill leachates and industrial effluents contain 73 

the highest concentrations of PFAS, posing serious risks to surrounding waterways. 74 

Transformation of PFAS precursors can occur through abiotic and biotic processes within the 75 

treatment of wastewater, resulting in the formation of harmful PFAS compounds. Currently, 76 

there is limited data reported on novel short-chain and ultra-short chain PFAS and PFAS 77 

precursors. The strong thermal and chemical stability of PFAS and the complex nature of PFAS 78 

mixtures makes the remediation of PFAS in wastewater challenging. However, the review 79 

examines and compares current technologies which can treat and remove PFAS from 80 

wastewaters. In this review, the distribution, transformation, and remediation of PFAS and their 81 

substitutes in wastewater sources are covered. 82 

 83 

Keywords:  84 

PFAS, Wastewater, Effluent, Sources, Transformation, Remediation  85 

  86 
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Graphical abstract: 87 

 88 

 89 

Abbreviations: 90 

PFAS = Per- and polyfluoroalkyl substances; PFCA = Perfluorinated carboxylic acids; PFSA 91 

= perfluorosulfonic acid; FTS = fluorotelomer sulfonate; WWTP = Wastewater treatment 92 

plant; AFFF = Aqueous film forming foam; PAHs = Polycyclic aromatic hydrocarbons; POPs 93 

= Persistent organic pollutants; DOM = Dissolved organic matter; NF = Nanofiltration; RO = 94 

Reverse osmosis; AOT = Advanced oxidation treatment; ART = Advanced reduction 95 

treatments; MHT = Microwave hydrothermal treatment; HVED = High-voltage electric 96 

discharge; SCWT = Sub- or supercritical water treatment; AC = Activated carbon; PAC = 97 

Powdered activated carbon; GAC = Granular activated carbon; UVOx = UV-induced 98 

oxidation; PCOx = Photochemical oxidation; PSOx = Persulfate oxidation; ECOx = 99 

Electrochemical oxidation 100 

 101 

(Insert Table 1) – abbreviations table  102 
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1 Introduction 103 

Poly- and perfluoroalkyl substances (PFAS) are a group of manufactured fluorinated 104 

organic compounds containing one or more C atoms where F atoms replace the H substituents 105 

(Cousins et al., 2020). Polyfluoroalkyl substances are defined as aliphatic substances, where at 106 

least one fluorine atom replaces hydrogen atoms in a carbon chain (carbon-fluorine and carbon-107 

hydrogen bonds). In comparison, perfluoroalkyl substances are aliphatic substances where 108 

fluorine replaces all H atoms in a carbon chain (carbon-fluorine bonds only) (Buck et al., 2011). 109 

There are over 3,000 synthetic PFAS chemicals, and perfluorooctane sulfonate (PFOS), 110 

perfluorooctanoic acid (PFOA), and perfluorohexane sulfonate (PFHxS) are some of the most 111 

well-known PFAS chemicals (Wang et al., 2017). PFAS are chemically stable in water and oil, 112 

and resistant to break down by heat and microorganisms.  113 

Wastewaters are generated from several sources, including domestic effluents 114 

(municipal wastewater), industrial effluents, landfill leachates, stormwater, and agricultural 115 

effluents (Kunhikrishnan et al., 2012). Irrigation of agricultural land with wastewater, while 116 

supplying nutrients for crop production, may transfer and infuse various contaminants 117 

including PFAS and other persistent organic pollutants (POPs) (Bhanse et al., 2022), 118 

potentially toxic elements (PTEs) (Bolan et al., 2022), polycyclic aromatic hydrocarbons 119 

(PAHs) (Kumar et al., 2021), and pesticides into the food chain (Kunhikrishnan et al., 2012; 120 

Singh, 2021; Anerao et al., 2022). Most PFAS compounds are chemically and thermally stable, 121 

and thus, remediation of PFAS contamination is challenging. In the case of aqueous media such 122 

as wastewater and groundwater, remediation of PFAS can be achieved through immobilization 123 

using adsorbents and abiotic mineralization using suitable chemical agents. Biotic 124 

mineralization of PFAS has seen a limited success, because of high toxicity of these compounds 125 

to microorganisms and the high energy needed to break the strong C-F bonds in these 126 

compounds (Wackett and McMahon, 2021). Immobilization of PFAS using adsorbents, such 127 

as activated carbon, reduces the mobility and bioavailability of these compounds (Ross et al., 128 

2018; Mahinroosta and Senevirathna, 2020; Bolan et al., 2021). A relatively successful 129 

approach is to use the remediation method of pump-and-treat with adsorbents (e.g., activated 130 

carbon) followed by incineration of the spent activated carbon saturated with PFAS or the off-131 

site safe disposal of spent adsorbent. Other methods for ex situ PFAS removal include 132 

expensive high-pressure membrane treatment using nanofiltration or reverse osmosis (Kannan, 133 

2011; Ross et al., 2018; Bolan et al., 2021). The most common abiotic PFAS mineralization 134 

remediation technologies include: (i) oxidation processes including, photolysis, 135 
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electrochemical oxidation, and photocatalysis; (ii) reduction processes involving the use of 136 

zero-valent metals/bimetals solely or supported with clay minerals; and (iii) thermal 137 

decomposition aimed at breaking C-F bonds under high temperature (Kempisty and Racz, 138 

2021).  139 

Overall, the goal of this paper is to analyse current literature on the sources of PFAS in 140 

wastewater, distribution of PFAS in wastewater, remediation of PFAS in wastewater, and its 141 

risk management. Figure 1 covering publications on PFAS in soil and water for the past 10 142 

years.  The analysis of the literature was performed using Science Direct, Web of Science, 143 

Google Scholar, and other sources found on the web using the following key words: ‘PFAS’, 144 

‘Wastewater’, ‘Biosolids’, ‘Sources’, ‘Point sources’, ‘Transformation’, ‘Long-chain’, ‘Short-145 

chain’, ‘Conventional PFAS’, ‘Emerging PFAS’, ‘Domestic effluent’, ‘Industrial effluent’, 146 

‘Landfill leachates’, ‘Stormwater’, ‘Agricultural effluents’, ‘Remediation’, ‘Mobilization’, 147 

‘Immobilization’, ‘Adsorption’, ‘Filtration’, ‘Treatment’, ‘Risk management’, ‘Regulatory 148 

guidelines’, ‘Policies’, ‘Voluntary initiatives’, and ‘Monitoring’. After screening, 150 journal 149 

articles, were qualified for full-text review. The scope of this review and the article decision-150 

making process is conveyed in SI-Figure 1. 151 

(Insert Figure 1) 152 

 153 

2 Sources of PFAS in wastewater and their transformation  154 

2.1 PFAS sources  155 

PFAS are released into the environment via domestic and industrial sources (US EPA, 156 

2021a). Domestic products, including food packaging and commercial household materials, 157 

contain PFAS. Food packaging materials are the largest source of PFAS (Vo et al., 2020). 158 

These include popcorn bags, grease-resistant paper, fast food containers and wrappers, candy 159 

wrappers, and noodle cups (Kotthoff et al., 2015; US EPA, 2021a; Vo et al., 2020). These 160 

materials are commonly disposed of in landfills, and they subsequently pollute nearby 161 

waterways via landfill leachate. There is also a large range of PFAS-containing commercial 162 

household products, which are often discarded into the environment indirectly. These products 163 

range from cosmetics, dental floss, shampoo, water repellent chemicals used on carpets, 164 

clothing, upholstery, fabrics, cleaning products, sealants, varnishes, paints, and cooking 165 

equipment and utensils (Kotthoff et al., 2015; US EPA, 2021a). These materials are also 166 

disposed of in landfills and found in landfill leachates and domestic wastewater. Kotthoff et al. 167 
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(2015) recorded high levels of PFAS in baking paper (up to 15 μg m-2 PFOA), outdoor textiles 168 

(up to 19 μg m-2 PFOA), leather samples (up to about 200 μg kg-1 PFBA and 120 μg kg-1 PFBS), 169 

and ski waxes (up to about 2000 μg kg-1 PFOA). Various countries have reported significantly 170 

different concentrations and types of PFAS compounds within food packaging materials that 171 

are commonly imported. 172 

PFAS pollution of waterways and wastewater from the mismanagement and disposal 173 

of fire-fighting foams [6:2 fluorotelomer fluorotelomer sulfonate (FTS)] is one of the most 174 

common sources of industrial PFAS pollution, particularly in the USA, Canada, and Australia 175 

(Coggan et al., 2019). Other industrial wastewater sources of PFAS that are released into the 176 

environment in high concentrations include chromium plating, textile and leather treatments, 177 

printing products, oil and paints, electronics, pesticide formulations, and other synthetic 178 

chemicals (such as hydraulic fluid in the aeronautical industry) (KEMI, 2020). The metal 179 

plating industry uses a high amount of the global PFAS production. An example of this is the 180 

hard-metal industry in Sweden which uses ~180 kg of PFOS during processing. This equates 181 

to 7.2% of the global manufacturing of PFOS (KEMI, 2020). Consequently, these PFAS 182 

compounds are found in high concentrations in industrial wastewater (shown in Table 2).  183 

 184 

2.2 PFAS in wastewater and their transformation 185 

Wastewater is derived from various areas and sectors including domestic and industrial 186 

effluent, stormwater, landfill leachate, and agricultural effluent. These wastewater types 187 

contain different concentrations of PFAS depending on the type of activity and associated water 188 

use. Conventional PFAS compounds (such as PFOA and PFOS) in wastewater have been 189 

covered in numerous studies, but information on the levels of PFAS precursors and short-chain 190 

PFAS in wastewater is rarely available (Göckener et al., 2021; Lenka et al., 2021). The short-191 

chain PFAS compounds are highly polar in nature (particularly the ultra-short-chain ones), and 192 

consequently they are highly soluble and poorly retained in analytical separation columns, 193 

which make these compounds challenging to analyse in wastewater matrices (Yeung et al., 194 

2017). Also, the unavailability of appropriate standard chemicals and poor sensitivity on 195 

conventional analytical instruments aggravate the problem of quantification of precursor PFAS 196 

compounds in wastewater (Lenka et al., 2021). Increased numbers of studies on emerging 197 

PFAS compounds in wastewater such as fluorotelomers, which are commonly used in high 198 
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amounts within various industries such as fluorinated impregnations, metal plating, oil 199 

production, and food packaging, are required (The Danish EPA, 2015). 200 

Studies have indicated that after the ban of longer-chain PFAS compounds, shorter-201 

chain PFAS compounds have become more prevalent (Göckener et al., 2021; Zhao et al., 2016). 202 

Göckener et al. (2021) suggest that C4-C6 perfluorinated carboxylic acids (PFCA) in 203 

suspended particulate matter in waters seem to be increasing since 2013 and can be indicative 204 

of increased use of precursors based on shorter fluorinated chains. Despite the unknown 205 

toxicity of many PFAS compounds in wastewater, Li et al. (2020) states how shorter-chain 206 

PFAS compounds can have similar or lesser toxicity than longer-chain PFAS compounds, and 207 

they are also more mobile and persistent within the environment . 208 

PFAS transformation can occur from precursors under certain industrial, 209 

environmental, and metabolic conditions. In contrast to per-fluoroalkyl substances, poly-210 

fluoroalkyl substances contain carbon-hydrogen, carbon-oxygen, and carbon-nitrogen bonds, 211 

which could be broken down by abiotic and biotic reactions, transforming the parent 212 

compounds to per-fluoroalkyl substances (Ji et al., 2020). Abiotic and biotic processes that 213 

cause transformation of PFAS include oxidation, photolysis, and hydrolysis. PFAS precursors 214 

can also undergo microbial transformation under anaerobic and aerobic conditions (Allred et 215 

al., 2015; Buck et al., 2011).  216 

Unlike stormwater, landfill leachates, and agricultural wastewater, effluents derived 217 

from domestic and industrial sources are typically passed through a WWTP due to their high 218 

concentrations of contaminants. Despite the degradation of numerous contaminants in the 219 

WWTP process, PFAS cannot be removed in WWTPs by conventional treatment methods 220 

(Filipovic and Berger, 2015). After treatment, it is known that effluent PFAS levels are 221 

typically higher compared to the influent levels due to the transformation of large chain 222 

precursor PFAS compounds to smaller chain PFAS compounds such as PFOS (Coggan et al., 223 

2019; Page et al., 2019). For instance, Coggan et al. (2019) recorded that PFAS in influent, 224 

primary effluent, secondary effluent, final effluent, and recycled water increased throughout 225 

wastewater treatment by 76, 89, 140, 140 and 120 ng ∑21 PFAS L-1, respectively. This study 226 

showed how chemical and biological treatment in WWTPs could transform PFAS precursors 227 

into other PFAS compounds. Such PFAS precursors include FOSA, FOSAA, and FtOH, which 228 

could degrade into FOS, PFOA, and PFHxA (Zhao et al., 2013). Vo et al. (2020) compiled 229 

several other reasons by which PFAS may increase in the final effluent. One reason is that 230 

WWTP operations may integrate PFAS-containing reject water from reverse osmosis processes 231 
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with the final effluent, increasing the overall PFAS in the effluent compared to the influent. 232 

The 6:2 FTS is another compound that can undergo transformation into PFCAs. Hamid et al. 233 

(2020) reported aerobic biotransformation of 6:2 FTS within landfill leachate. PFCA formation 234 

(C4-C6) was stimulated in the leachate during nitrification resulting from the presence of 235 

ammonia monooxygenase enzyme in which the bacterium Actinobacteria played the key role 236 

in FTS biotransformation.  237 

 238 

3 Distribution of PFAS in wastewater sources  239 

3.1 Domestic effluents 240 

PFOA, PFOS, PFHxS, PFBA, and PFHxA are the most dominant PFAS compounds 241 

found in domestic effluents. Table 2 shows the high variability of PFAS concentrations in 242 

domestic WWTP effluents, as can be seen from a low level in the study conducted by Zhou et 243 

al. (2019) at Ʃ15 = 38 ng L-1 compared to a high concentration observed by Zhang et al. (2015) 244 

at Ʃ14 = 1589 ng L-1. The review by Vo et al. (2020) reported that PFAS concentrations in 245 

domestic effluents were typically >100 ng L-1.  246 

Because conventional long-chain PFAS compounds are being phased out by various 247 

countries such as the USA, EU, and Australia since the 2000s, shorter chain PFAS and PFAS 248 

precursor compounds with similar properties are inevitably replacing their role (Land et al., 249 

2018). In the study by Coggan et al. (2019), the precursor compounds of 6:2 FTS were detected 250 

in 99% of aqueous samples at an average concentration of 7.3 ng 6:2 FTS L-1. This precursor 251 

compound is typically used in AFFF and PFOS replacement chemicals used in metal plating. 252 

This suggests that harmful PFAS precursors are making their way into domestic effluents. The 253 

study by Gallen et al. (2018) recorded considerably larger concentrations of PFAS in effluents 254 

compared to influents (2 to 59 times higher), which suggested a large amount of precursors 255 

present in the wastewater.  256 

 257 

3.2 Industrial effluents 258 

PFAS are man-made chemicals used in various industrial and human activities. Hence, 259 

industries are the major source of PFAS in the aquatic system (Buck et al., 2011; Kim et al., 260 

2021). PFAS can enter in the water system through fluoropolymer manufacturing, AFFF 261 

manufacturing, electrical and electronic industries, aerospace, electroplating, manufacture of 262 
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metal products, textile, oil and gas, and wood industries (Garg et al., 2020; Prevedouros et al., 263 

2006). In addition, fabrics, coating, cosmetics, biocides, and building materials could also be a 264 

potential source of PFAS in water bodies (Janousek et al., 2019). With the exception of the 265 

results from Dauchy et al. (2017), PFOA, PFOS, PFHxS, and PFHxA were some of the most 266 

dominant PFAS compounds found in industrial effluents, as shown in Table 2. High 267 

concentrations of PFHxS (12500 ng L-1), and PFOS (8410 and 1115 ng L-1) were recorded in 268 

industrial effluents. Interestingly, Dauchy et al. (2017) recorded high concentrations of 269 

emerging PFAS compounds from the effluent of a fluorochemical manufacturing facility. FTS 270 

compounds (6:2 FTAB, M4, 8:2 FTOH, 6:2 FTSA, and 10:2 FTOH) were in high 271 

concentrations and were the most dominant PFAS compounds (>75%) in the industrial 272 

effluent. There is a need to perform increased studies on emerging PFAS compounds, 273 

particularly from fluorochemical manufacturing facilities, because they are likely to release 274 

vast amounts of emerging PFAS compounds into wastewater. Industrial effluents have higher 275 

concentrations of PFAS compared to domestic effluents. Variability of PFAS compounds is 276 

higher in industrial effluents than domestic effluents.  277 

The recent study by Kim et al. (2021) investigated the distribution of PFAS compounds 278 

within 77 different industrial plants in Korea. The study showed how wastewater samples in 279 

metal, advanced electronic, textile, and polymer industries were the greatest contributors to 280 

PFAS in wastewater (greater than 100 ng PFAS L-1 in 64% samples at n=9, and greater than 281 

1000 ng PFAS L-1 in 35% samples at n=5). In contrast, the industries that contributed the least 282 

PFAS compounds were chemical, battery, glass, and general electronic plants. All plants had 283 

varied inputs of perfluorosulfonic acids (PFSAs), PFCAs, and FTS. For instance, PFSA was 284 

observed to be the most dominant in the advanced electronic plant samples, whereas the textile, 285 

general electronic, glass and ceramic, chemical, and battery plants were dominated by PFCAs. 286 

The polymer plants were dominated by the common FTS precursors. Changes in PFAS use 287 

patterns at industrial plants could strongly affect PFAS concentrations in wastewater (Kim et 288 

al., 2021). Hence, concentration of PFAS and effect of replaced PFAS in the industries should 289 

be investigated in future studies.  290 

(Insert Table 2) 291 

 292 
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3.3 Landfill leachates 293 

Table 3 shows that landfill leachates contain the highest concentrations of PFAS 294 

compounds among several other effluents. PFOA, PFOS, PFHxS, PFHxA, PFBA, PFBS, 295 

PFPeA, EtFOSAA, 6:2 FTCA, 8:2 FTCA, and 5:3 FTCA are the most dominant PFAS 296 

compounds found in landfill leachates. The compounds with the highest concentrations are 297 

PFOA with a concentration of 49246 ng L-1, followed by PFBS with a concentration of 15236 298 

ng L-1. Studies that have recorded PFAS precursors and novel PFAS compounds also recorded 299 

high concentrations of EtFOSAA (290-8700 ng L-1), and 5:3 FTCA (400-15000 ng L-1) (Lang 300 

et al. (2017); Yan et al. (2015a)). This suggests that the extent of PFAS pollution in landfill 301 

leachates and other effluents has not yet been fully explored.  302 

Leachate recirculation can trigger leaching, and dilution of contaminants occurs with 303 

elevated moisture levels (Huset et al., 2011). Allred et al. (2015) found short-chain PFAS when 304 

waste carpets were fed to reactors, and long- and short-chain PFAS were concentrated in 305 

bioreactors fed with clothing waste. Biodegradation intermediates, such as MeFBSAA and 306 

FTCAs, increase under methanogenic conditions (Allred et al., 2015; Xiao et al., 2012). 307 

Leached PFAS concentrations from a municipal-solid-waste-filled anaerobic reactor were ten 308 

times higher than those in a reactor that was biologically inactive (Allred et al., 2015; Gallen 309 

et al., 2016). During the methanogenic phase of a landfill, intermediates from biodegradation 310 

increased, such as n:2 and n:3 FTCAs, including Me-PFOSA. In live reactors, the 5:3 311 

fluorotelomer carboxylate was found to be the most concentrated PFAS. The presence of 312 

PFCAs less than 8 carbons in length caused a reduction of leaching in reactors that were 313 

controlled abiotically (Allred et al., 2015). PFAS that are water-soluble, like PFAA, could be 314 

leached into the environment by landfill leachates (Yan et al., 2015b). PFAS, like FTOHs that 315 

are neutral, less water soluble, and have high vapour pressures, could be released with landfill 316 

gas (Hamid et al., 2018).  317 

 318 

3.4 Stormwater 319 

PFAS in stormwater are derived from non-atmospheric sources of domestic, industrial, 320 

and commercial areas, as well as domestic and industrial wastewater effluents, landfill 321 

leachates, and agricultural effluents (Page et al., 2019). Like WWTPs, conventional methods 322 

(such as constructed wetlands) to reduce levels of PFAS in stormwater are not fully efficient 323 

(Page et al., 2019). In comparison to industrial effluents and landfill leachates, PFAS 324 
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concentrations in stormwater are low (Table 3). PFOA, PFOS, PFHxS, PFHxA, and PFNA are 325 

the most dominant PFAS compounds found in stormwater. Studies exploring PFAS in 326 

stormwater are scarce, particularly for emerging and novel PFAS compounds in stormwater. 327 

Future studies are required to examine the full range of PFAS compounds found in stormwater.  328 

In recent studies, Bai and Son (2021) and Olmsted et al. (2021) detected more PFCAs 329 

than PFSAs in US surface water and stormwater pond sediments. Additionally Bai and Son 330 

(2021) found short-chain PFAS compounds in larger concentrations than long-chain PFAS in 331 

surface water. In contrast, Olmsted et al. (2021) found an increase in long-chain PFAS 332 

compounds in sediments compared to short-chain PFAS compounds. The higher concentration 333 

of short-chain PFAS in water was due to the compounds’ hydrophilic nature where short-chain 334 

PFAS compounds were more likely to desorb from sediments compared to longer-chain PFAS 335 

compounds (McCleaf et al., 2017). Moreover, short-chain PFAS compounds are becoming 336 

more prevalent due to the phasing out of long-chain PFAS compounds and, subsequently, can 337 

be recorded at higher concentrations than long-chain PFAS compounds (Land et al., 2018). 338 

Overall, in-depth studies are needed to examine the concentrations of PFAS within stormwater.  339 

(Insert Table 3) 340 

 341 

3.5 Agricultural effluents 342 

Although there are multiple studies covering PFAS in domestic and industrial effluents, 343 

landfill leachates, and stormwater, information on PFAS levels in agricultural effluents is very 344 

limited. There are multiple studies and reviews that have recorded PFAS in agricultural 345 

systems, mainly in soil and crops, indicating significant PFAS risks (Bolan et al., 2021; 346 

Costello and Lee, 2020). Testing of surface and groundwater at agricultural sites is complex, 347 

expensive, and time-consuming. Sources of PFAS in agriculture include the use of organic 348 

fertilisers (e.g., composts and digestates), biosolids or sewage sludge, wastewater irrigation, 349 

pesticides, and through atmospheric deposition (Choi et al., 2019; Costello and Lee, 2020). The 350 

source, concentration level, and diversity of PFAS in agricultural effluents could be dependent 351 

on the type of organic fertilisers used, such as those derived from crop residues, biosolids, or 352 

municipal solid waste (MSW). Manures, biosolids, and composts are nutrient rich, and, hence, 353 

they are applied to soil for improving soil quality. However, the PFAS concentrations in these 354 

fertilizing products must be below a critical limit. Ghisi et al. (2019) reported that the main 355 

source of PFAS inputs in agricultural systems are from polluted water and application of 356 
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biosolids or industrial wastes. Choi et al. (2019) measured the concentration of 17 PFASs in 357 

nine municipal solid waste composts (MSW) and one backyard compost. Results revealed that 358 

the PFAA (perfluoroalkyl acids) ranged from 28.7 to 75.9 μg kg-1 in MSW composts, and from 359 

2.38 to 7.60 μg kg-1 in the backyard compost. PFOA and PFOS were recorded in all compost 360 

samples, and most contaminants belonged to short-chain PFAA (>64%) and perfluoroalkyl 361 

carboxylic acids (PFCA) (>68%) groups (Choi et al., 2019). The evaluation of some 362 

composting plants also revealed that source and type of feedstock materials, variation of 363 

feedstock and sample collection, and maturity levels primarily influenced the type and content 364 

of PFAS compounds. A uniform distribution of PFAS compounds, especially PFCAs, PFOS 365 

PFBS, and 6:2 FTSs, was observed in various compost sources (Brändli et al., 2006). Similarly, 366 

Sungur et al. (2020) evaluated five biological waste composts applied to the soil as fertiliser in 367 

wheat and corn crops. Results revealed that the mean PFOA and PFOS content in all composts 368 

varied between 26.1-102.0 ng g-1 and 0.21-0.65 ng g-1, respectively. 369 

PFAS can be adsorbed to soil, however, and PFAS compounds can still be discharged 370 

from farmland into surface water and groundwater via being dissolved or through suspended 371 

particles, particularly short-chain PFAS compounds (Borthakur et al., 2021; Campos Pereira et 372 

al., 2018). A recent study by Röhler et al. (2021) examined the long-term behaviour of PFAS 373 

leaching out of agricultural fields as a result of the application of contaminated composts in 374 

Germany. The study found that long-chain and short-chain PFAS compounds remained in the 375 

soil for a long period, and the situation is likely to remain that way for decades. Short-chain 376 

PFAS remained at high levels in the field, owing to the PFAS precursors undergoing 377 

transformation. The short-chain PFAS were produced, and had accumulated throughout 378 

summer and spring, and became mobile during recharge in fall and winter (Röhler et al., 2021). 379 

In a similar study, Lindstrom et al. (2011) examined the distribution of ∑10 PFAS in biosolid-380 

applied agricultural soil. The results showed that surrounding surface and groundwater had 381 

elevated levels of PFAS, and 22% of the samples exceeded the US EPA regulatory limit of 400 382 

ng L-1. The mobility of PFAS increased with decreased chain length (Lindstrom et al., 2011). 383 

Overall, increased number of studies are required to determine contamination of PFAS via run-384 

off of agricultural water to surrounding waterways and their leaching into groundwater. 385 
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4 Remediation of PFAS in wastewater sources 386 

4.1 Physical methods 387 

4.1.1 Adsorption 388 

Adsorption is considered as an effective method for the removal of many aquatic 389 

pollutants, including PFAS, mainly due to its environmentally friendly nature, low-cost, low-390 

energy requirement, high efficiency, simple design, and ease of operation (Vu and Wu, 2020). 391 

Different materials, such as ion-exchange resins (Dixit et al., 2021), carbonaceous materials 392 

(e.g., granular activated carbon, biochar) (Xiao et al., 2017), natural and modified clays and 393 

clay minerals (Mukhopadhyay et al., 2021), renewable polymeric materials (e.g., chitosan, 394 

alginate) (Militao et al., 2021), and inorganic and synthesized materials [e.g., layered double 395 

hydroxides, metal organic frameworks (MOF), nanomaterials] (Huo et al., 2022; Li et al., 2021; 396 

Saleh et al., 2019) have been investigated for the adsorption of PFAS from wastewater. Similar 397 

to other organic and inorganic contaminants, PFAS removal efficacy via adsorption can be 398 

affected by several factors (e.g., medium pH, reaction temperature, competing anions, air 399 

bubbles) (Mukhopadhyay et al., 2021). Removal of PFAS through adsorption is governed by 400 

mechanisms such as electrostatic, hydrophobic, and ligand exchange interactions 401 

(Mukhopadhyay et al., 2021).  402 

Different adsorbents have been tested for PFAS removal, and activated carbon (AC) is 403 

among the most used adsorbents. The superior adsorptive potential of AC for PFAS is due to 404 

its unique porous structure (Pauletto and Bandosz, 2022). Powdered activated carbon (PAC) 405 

exhibits greater adsorption capacity than granular activated carbon (GAC) due to the smaller 406 

pore size in PAC. The reported adsorption capacity of GAC is in the range 71.6 - 290 mg/g (for 407 

PFOS) and 41.3 - 120 mg/g (for PFOA), whereas an adsorption capacity of 560 (for PFOS) 408 

and 290 to 500 mg/g (for PFOA) is observed in the case of PAC (Zhang et al., 2019). To replace 409 

the expensive AC, several low-cost adsorbents, developed from waste materials, have also been 410 

assessed for PFAS removal. Biochar, a carbon-rich material that is prepared from residues 411 

produced by forest and agricultural wastes, could provide fiscal advantage over GAC as an 412 

adsorbent (e.g., $200~1,000/ton biochar compared to $1,500~3,000/ton GAC) (Zhang et al., 413 

2021). Thus, biochar could be a viable and economically robust replacement for GAC when 414 

removing PFAS from wastewater. 415 

For removing short-chain PFAS, such as PFBA and PFBS, from wastewater, anion 416 

exchange resins could be a good choice of adsorbent. More than 90% of PFAS, including short-417 
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chain (PFBA and PFBS) and long-chain (PFOA and PFOS) compounds, were removed by 418 

anion exchange resins (Dixit et al., 2020a), while GAC removed the short-chain compounds 419 

only up to 40% (McCleaf et al., 2017). Some other short-chain compounds, such as PFHxA 420 

and PFHxS, were also adsorbed (between 10% and 52%) by an alkali modified resin (IRA910) 421 

(Maimaiti et al., 2018). Some synthesized adsorbents, such as polymer hydrogel and MOF, 422 

were shown effective in removing a mixture of long- and short-chain PFAS from aqueous 423 

media (Ateia et al., 2019) (Table 4).  424 

Although adsorption is a well-established method for PFAS removal from water using 425 

a variety of materials, this process has some limitations. For example, adsorption only 426 

concentrates PFAS from the solution phase to the solid phase, which further necessitates 427 

appropriate treatment to correctly handle the spent adsorbents. Effective destruction of 428 

adsorbed PFAS, either by regeneration or safe disposal of the spent adsorbents, is necessary in 429 

this case. Low removal efficiency of short-chain PFAS and mixtures of PFAS compounds and 430 

their precursors is another challenge that requires immediate research attention by developing 431 

novel adsorbent materials, improving removal capacity of existing materials, and enhancing 432 

regeneration potential of the adsorbents.  433 

 434 

4.1.2 Membrane filtration 435 

Filtration is used for remediation of PFAS in wastewater. Filtration is represented as a 436 

separating process of solvent from solute or rejecting solute from solvent by using a 437 

semipermeable (porous) membrane (Garg et al., 2021). Filtration can be a more effective 438 

method than adsorption with high PFAS removal efficiency (>99%) at high PFAS 439 

concentrations (up to 1000 mg/L). The method can reject low and high molecular weight PFAS 440 

compounds selectively (Franke et al., 2019; Xu et al., 2021). Filtration basically involves two 441 

mechanisms: charged attraction or repulsion followed by sieving. Anionic PFAS or negatively 442 

charged organic substances are effectively rejected from solvent media via electrostatic 443 

repulsion of the membrane, and then the solvent or selective materials are sieved via a porous 444 

membrane (Yoon et al., 2006). Separation of particulate substances is possible by a single 445 

sieving operation, but not possible for organic or ionic molecules without combining the 446 

rejection operation (Kumari et al., 2020). To overcome this design gap, size dependent and 447 

pressure sensitive membranes have been developed, such as (i) low pressure membranes, e.g., 448 

microfiltration (100-400 nm) and ultrafiltration (~10 nm), and (ii) high pressure membranes, 449 
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e.g., reverse osmosis and nanofiltration (RO and NF, respectively) (Garg et al., 2021; Tsai et 450 

al., 2010). Low-pressure membranes enable one to separate high molecular weight (MW) 451 

PFAS (e.g., PFNA, PFOS, PFOA), but disable (or have minimum efficacy) separation of low 452 

MW PFAS (e.g., PFBS or PFHxS) from wastewater. In contrast, high-pressure membranes, 453 

specially NF, have the ability to effectively separate both low-MW and high-MW PFAS from 454 

wastewater (e.g., NF270 with PFHxS rejection ~97% and PFBS rejection ~93%) (Appleman 455 

et al., 2013).  456 

NF and RO have been found very efficient in removing many PFAS including PFAA 457 

precursors (Mastropietro et al., 2021) Size-exclusion has been suggested as the main 458 

mechanism in this filtration process. Other mechanisms, such as electrostatic repulsion, 459 

diffusion, and cake layer filtration, have also been suggested to be involved during the process 460 

(Franke et al., 2019) As compared to RO, NF (especially the NF270) is recommended as a 461 

better option for PFAS removal due to being less expensive and having a better efficiency 462 

(Appleman et al., 2014). About 99% PFAS can be rejected using nanofiltration NF270 (Franke 463 

et al., 2019). 464 

Reverse osmosis membranes were also used to eliminate PFOS from semiconductor 465 

wastewater, showing >99% PFOS removal efficiency (Tang et al., 2006). Boonya-atichart et 466 

al. (2016) examined the removal of PFOA by RO under different experimental conditions such 467 

as varying pressure and concentration. The efficiency of the process was also determined by 468 

comparing spiked deionized water samples and spiked groundwater samples (Boonya-atichart 469 

et al., 2016). The PFOA elimination efficacy was found to be 99.78–99.87% and 99.49–99.54% 470 

for spiked deionized water and spiked groundwater samples, respectively. The authors reported 471 

that the PFOA removal efficiency was enhanced at higher pressure. It was also noted that the 472 

total dissolved solids in the groundwater impacted the effectiveness of the NF membrane 473 

during the process. 474 

Recent work has attempted to combine filtration with adsorption methods (i.e., AC-475 

nanofiltration, resin-nanofiltration) to maximize rejection of PFAS with high efficacy (Franke 476 

et al., 2019). For example, a treatment train comprising the use of a NF membrane was 477 

examined for the elimination of PFHxA from industrial processed water. Subsequently, 478 

degradation of the NF concentrate using an electrochemical process was investigated (Soriano 479 

et al., 2017). The authors reported that PFHxA rejection ranged from 96.6 to 99.4% by varying 480 

the operating pressure using an NF270 membrane. The electrochemical degradation rate of 481 

PFHxA was found to be 98% followed by effective mineralization. A considerable reduction 482 
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(> 95%) of total organic carbon was reported by the authors. Similarly, NF270 and NF90 483 

(commercial membranes) were used to assess the removal and recovery of PFOA, and a higher 484 

PFOA rejection (almost 100%) was achieved using the NF90 membrane. The trans-membrane 485 

pressure was found to increase linearly with PFOA concentration, reaching a plateau near the 486 

critical micelle concentration (Hang et al., 2015). 487 

Membrane filtration has shown promising results for PFAS removal, but there are 488 

certain drawbacks such as membrane fouling and high cost, which hinder its large-scale 489 

application (Mastropietro et al., 2021). To overcome the drawbacks, different strategies have 490 

been proposed including novel designs, advancement in process design, and the evolution of 491 

high-functioning materials for membrane production. Moreover, the supplement of 492 

nanomaterials and/or adsorbent fillers in the polymeric membrane matrix or hybrid membranes 493 

is suggested as a feasible approach to tackle the challenges (Mastropietro et al., 2021).  494 

 495 

4.2 Chemical and thermal treatment 496 

4.2.1 Chemical treatments 497 

In chemical treatment, the varying types of advanced and effective methods have been 498 

demonstrated, like redox, defluorination, plasma technology, and catalysis. During advanced 499 

oxidation or reduction treatments (AOT or ART), some highly active and nonselective free 500 

radicals (𝑒. 𝑔. , 𝑂𝐻∎, 𝐶𝑂3
∎−, 𝑂2

∎−, 𝑆𝑂4
∎−), where symbol ∎ is a radical (Merino et al., 2016) or 501 

reducing nucleophiles (𝑒. 𝑔. , 𝑆𝑂3
2−, 𝐻−) (Ahmed et al., 2020) are generated, which cleave the 502 

strong bonds of PFAS and convert PFAS into non-toxic smaller molecules like 𝐶𝑂2 and 𝐻2𝑂 503 

(Wanninayake, 2021). Such types of free radicals especially including 𝑂𝐻∎ are formed, 504 

particularly for AOT, by using some oxidizing agents like 𝐻2𝑂2, UV radiation, 𝑂3, metal 505 

(transition or noble metal), photo catalysts, potassium permanganate or persulfate, ultrasound, 506 

and electron beams (Ahmed et al., 2020; Wanninayake, 2021). Among them, some are used to 507 

develop effective degradative AOT methods for remediation of PFAS, such as UV-induced 508 

oxidation (UVOx), photochemical oxidation (PCOx), persulfate oxidation (PSOx), and 509 

electrochemical oxidation (ECOx). Interestingly, all AOT methods work on the degradation of 510 

PFAS by using a general pathway, as follows: stepwise radical formation → decarboxylation 511 

→ C replacement from C-F and form HF → hydroxylation → elimination of HF → smaller 512 

molecule/shorter chain PFAS formation. These steps are reviewed by Merino et al. (2016). In 513 

UVOx, some aqueous solutions, like bicarbonate (𝑁𝑎𝐻𝐶𝑂3) or periodate (𝑁𝑎𝐼𝑂4) solutions, 514 
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are used for effective decomposition of PFAS in the presence of UV radiation (Cao et al., 515 

2010). For example, UV induced 𝑁𝑎𝐻𝐶𝑂3 produces 𝑂𝐻∎ and 𝐶𝑂3
∎− radicals, which react with 516 

PFAS and split it into 𝐶𝑂2, 𝐹− and shorter chain PFAS (e.g., PFHxS) (Phan Thi et al., 2013). 517 

But, UVOx has some major limitations, including incomplete mineralization, long reaction 518 

times, and comparatively lower removal efficiency of PFOA and PFOS. Incomplete 519 

mineralization is also a limitation of the PSOx method. The PSOx method is carried out by the 520 

interaction of 𝑆𝑂4
∎−and 𝑂𝐻∎, which are derived from persulfate in the presence of light and 521 

heat. However, PSOx or the thermally activated PSOx method has some benefits over the 522 

UVOx method. For example, it provides satisfactory results with PFOA (but not PFOS) 523 

remediation, and a lower concentration of shorter chain PFAS byproducts (e.g., PFHpA, 524 

PFBA) remains after complete degradation. For example, Yin et al. (2016) observed that the 525 

degradation of PFOA was good (89.9%) at low pH (2.0) due to activation of the PSOx method. 526 

In addition, Kim et al. (2019) observed considerable decomposition of PFOS and PFOA using 527 

a hybrid radiolysis-PSOx method. PFOS was converted into PFOA by elimination of 𝑆𝑂3 and 528 

HF in the presence of, respectively, 𝑆𝑂4
∎−and 𝑂𝐻∎. Due to continuous interaction, the 529 

converted PFOA was again degraded until there was full conversion into 𝐹− and 𝐶𝑂2. But, due 530 

to a lack of full defluorination, some intermediates were also formed like PFHpA, PFHeA, 531 

PFPeA, and PFBA. 532 

To overcome this difficulty, the PCOx methods have been used for PFAS remediation, 533 

especially for removal of PFOA and PFOS from wastewater. For maximal mineralization of 534 

the incomplete part, Xu et al. (2017) used photochemical oxidation and showed it was an 535 

effective method. According to Appleman et al. (2014), shorter chain PFHxS remained and up 536 

to ∼34 % was mineralized due to accelerated oxidation and free radical formation in the 537 

presence the combined action of UV and the chemical catalyst. Generally, photochemical 538 

oxidation is considered to be an advanced stage of photolysis. Among the previously described 539 

AOT methods, photolysis is the most effective method for the degradation of PFOA and PFOS. 540 

But its single use can be ineffective in degrading carboxylic acid types of PFAS and short-541 

chain PFAS (e.g., PFBA, PFBS). As a result, some chemical catalysts (e.g., 542 

𝑇𝑖𝑂2, 𝐶𝑂3
2−, 𝑆2𝑂8

2−, 𝐹𝑒3+) are used in combination with photolysis to form highly reactive 543 

oxidants or free radicals including 𝐻∎, 𝑂𝐻∎ and 𝐶𝑂3
∎− (Cao et al., 2010). Depending upon the 544 

catalyst, PCOx is an effective method, particularly for PFOA remediation, but it is not good 545 

for PFOS remediation. Recently, Ahmed et al. (2020) reviewed research done between 2007-546 

2011 that considered PFOA degradation by the PCOx method. Degradation ranged between 7-547 
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90%, which was not good for PFOA removal. Chen et al. (2016) introduced Pb into a UV/𝑇𝑖𝑂2 548 

system, and it had an excellent degradation efficiency for PFOA (99.9%). Most recently, Sun 549 

et al. (2022) demonstrated that UV/FeIINTA (nitrilotriacetic acid) based PCOx method was 550 

effective in decomposing PFOS (60%) with lower activation energy (4.74 kJ/mol).  551 

Despite the above-mentioned advantages, PSOx and PCOx have drawbacks. They do 552 

not provide good defluorination of PFAS. They are ineffective for the removal of PFOS at 553 

maximum levels. They have low degradation efficiency of short-chain PFAS (e.g., PFBS, 554 

PFBA, PFHxS). They are challenging to apply for industrial purposes. Most of the drawbacks 555 

are overcome by the ECOx method. It degrades PFOA with a high conversion rate. It has a 556 

higher removal efficiency of PFOS compared to other AOT methods. It has complete 557 

mineralization capability and is convenient and cost-effective for practical applications. 558 

Therefore, it can be applied for remediation of PFAS in wastewater (Fang et al., 2019; Xu et 559 

al., 2021). For example, porous 𝑇𝑖4𝑂7 has excellent electrochemical properties as an anode. 560 

Lin et al. (2018) showed that it is capable of degrading 93.1% PFOS and almost all PFOA 561 

during 120-180 min. Liu et al. (2018) showed that an Al-Zn suboxide anode degraded and 562 

converted PFOA (79.4%) into intermediates in a short time (60 min). Wang et al. (2020) 563 

developed a Ti suboxide anode that degraded 90% PFOA and PFOS within a short time of 10-564 

30 min. Table 4 shows recent, effective studies with the ECOx method. Nevertheless, the ECOx 565 

method has some limitations, like formation of toxic by-products (e.g., chlorine gas, HF, 566 

organic halides, bromate, and perchlorate), a higher preparation cost of electrodes, and an 567 

expensive energy cost (Trautmann et al., 2015). 568 

In comparison with AOT, other chemical methods, such as ART and plasma 569 

technology, do not have good performance in comparison to the ECOx method. Major 570 

drawbacks include lower efficacy of reducing agents (e.g., 𝑆𝑂3
2−, 𝑆2𝑂4

2−, 𝐹𝑒2+) (Makarov, 571 

2001), challenging operating conditions (e.g., requirements of high pH, temperature, and 572 

reductant dose) of ART (Ahmed et al., 2020; Wanninayake, 2021), and incomplete 573 

mineralization (Singh et al., 2019). For plasma technology, lower efficacy due to the 574 

requirement of high voltage is its major drawback compared to AOT and ECOx. Table 4 575 

compares the different methods.  576 

 577 
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4.2.2 Thermal treatment 578 

Commonly known methods for thermal degradation of PFAS are incineration, the high-579 

voltage electric discharge (HVED) process, sub- or supercritical water treatment (SCWT), and 580 

microwave hydrothermal treatment (MHT). All of these methods have a high remediation 581 

capacity of PFAS from contaminant sources. But thermal treatment has a primary limitation 582 

because it inhibits the proper treatment of PFAS in a liquid state (Phong Vo et al., 2020). Before 583 

thermal treatment, PFAS must be separated by physical treatment. However, among the above-584 

mentioned methods, last three are used at a low scale or on a laboratory scale due to their 585 

complex maintenance and high-cost. But they have better performance compared to the first 586 

one (incineration). They require a lower temperature range, get higher removal efficiency, and 587 

generate a lower number of toxic by-products (Ahmed et al., 2020). 588 

In general, incineration occurs at a high temperature range 600-1000˚C (Merino et al., 589 

2016). During incineration of PFAS materials, including PFOA and PFOS, some 590 

environmentally toxic compounds, like furan and dioxins, and some greenhouse gases, such as 591 

fluorocarbons (e.g., hexafluoroethane, tetrafluoromethane), are formed (Merino et al., 2016). 592 

Despite present drawbacks, the incineration method has a wide range of use due to its being 593 

the only method for high scale application. But, during the last couple of years, these drawbacks 594 

have been minimized by investigating advanced technologies. For example, at 700˚C PFOA 595 

and PFOS degrade >99.99% to form 𝐹− as the major by-product in the presence of an 596 

𝑁2atmosphere (Xiao et al., 2020). At same temperature (700˚C), another method for 597 

incineration enhanced mineralization efficiency via addition of some cationic additives, e.g., 598 

𝐶𝑎2+, 𝑁𝑎+. The recovery rate of PFOA, PFOS, and PFHxA was 74%, 90%, and 91%, 599 

respectively, which was increased from 30%, 72%, and 46% without the additives (Watanabe 600 

et al., 2018). In more advanced research, a GAC-based incineration treatment was develop that 601 

operated at a lower temperature (200˚C) (Duchesne et al., 2020). Moreover, SCWT is able to 602 

decompose the short-chain PFAS. Hori et al. (2008) showed that 94.8 % PFHxA and 83.6 % 603 

PFHxS were degraded under super- and sub-critical conditions, respectively. In comparison 604 

with SCWT, MHT treatment operates at a lower temperature (60-90˚C) for degradation of 605 

PFAS, when it is combined with persulfate (Lee et al., 2009). But the MHT system needs more 606 

development, if it is to be used in future industrial applications. 607 

Every method has drawbacks, and any single method is not able to provide satisfactory 608 

remediation. Remediation depends on many factors, like removal efficiency (shown in Figure 609 

2), cost effectiveness, time duration for treatment, and whether the method is environmentally 610 
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friendly. In the future, hybrid technologies are needed that can minimize the cost and toxic 611 

effects. Figure 3 shows hybrid designs.  612 

(Insert Figure 2 and 3) 613 

(Insert Table 4) 614 

 615 

5. Economy and environmental impacts of PFAS remediation technologies 616 

          Although, PFASs are extremely refractory to conventional water management and 617 

treatment operation, there are few successful methods existing which are comprehensively 618 

discussed in section 4. Nevertheless, these methods involve significant costs and high 619 

environmental impacts owing to its energy intensiveness, high operational or capital costs, and 620 

uses of chemicals which generated secondary pollutants (Wanninayake, 2021). Pillai (2020) 621 

applied e-beam system to treat the wastewater and estimated a treatment cost ranging from 622 

$0.10 (treatment at 500 kGy) to $0.80 (treatment at 3000 kGy) per gallon and a capital cost of 623 

$7.7 million US dollars when e-beam system operated at 10 MeV, 560-kW, and 1500 kGy. 624 

Gole et al. (2018) applied a sono-treatment method, by providing a single/dual frequencies 1 625 

MHz and 500 kHz at 91L reactor and estimated the degradation of AFFFs into F- and SO4
2-.  626 

The authors described that the F- and SO4
2- generated from AFFFs degradation was inversely 627 

proportional to pH of the media and dilution ratio. This finding established the potency of sono-628 

chemical method for the treatment of PFAS concentrate waste streams. The energy cost of this 629 

operation with 500 times dilution (at pH 4) in a 91L reactor was evaluated and found in the 630 

range of $0.015 and $0.019 per liter of the media. 631 

      To manage the PFAS-laden waste, instead of defluorination, two approaches such as deep 632 

well injection and landfill are presently adopted and considered as effective (Tow et al., 2021). 633 

Even though, the per volume cost of deep well injection differs widely and has been found 634 

between $0.93 m3 and $4.58/m3 for an injection stream of capacity 0.25 MGD and between 635 

$0.15/m3 and $0.48/m3 for 2.5 MGD (Foldager, 2003). Another investigation estimated the cost 636 

range between $0.54/m3 and $2.65/m3 (Panagopoulos et al., 2019). Furthermore, a recent 637 

investigation assessed the price for third-party disposal of PFAS liquid waste as $48/m3-$66/m3 638 

(DeSilva, 2019). Engineered landfill sites, which are generally used for the gradual degradation 639 

and storage of solid waste, can be also used to store PFAS-laden solids from wastewater 640 

treatment process such as non-regenerated PAC or GAC, spent IX resins, or solids from zero-641 

or minimal-liquid-discharge treatment operations (from an evaporation pond), nevertheless the 642 
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PFAS sequestration efficiency of landfills have not be well investigated and established (Tow 643 

et al., 2021). However, US EPA (2020) reported the estimated cost of landfilling spent GAC 644 

from PFAS removal which was $0.04/lb ($0.09/kg). More recently, a study conducted in 645 

Thailand by Kanchanapiya and Tantisattayakul (2022) and reported the treatment unit cost of 646 

landfill leachate in the ranged of 1.72–2.71 USD/m3 for the system with an evaporation pond 647 

and ranged from 1.06-2.09 USD/m3 for the system without an evaporation pond, depending on 648 

the size of the landfills.  649 

      Although, IX resins showed better remediation potency of PFAS contaminated wastewater 650 

than GAC-based treatment systems, still, several research gaps are persisting related to the 651 

single-use-and-dispose vs regenerate-reuse approaches of IX resins processes. However, based 652 

on life cycle analysis (LCA), production process of IX resin has been recognized as one of the 653 

crucial steps from an environmental viewpoint and attributed a majority of environmental 654 

impacts, such as global warming potential, carcinogenicity, ecotoxicity, eutrophication, and 655 

acidification, (Dixit et al., 2020b; Maul et al., 2014). Therefore, regeneration and reuse of IX 656 

resins is required in consideration with an environmental prospective, principally the 657 

environmental burden imposes by the IX resins production processes. Recent investigations 658 

revealed that regenerable organic scavenger resins can function for extended durations in 659 

comparison to PFAS-specific resins in single-use mode (Coyle et al., 2020; Dixit et al., 2020c). 660 

Nevertheless, regenerable organic scavenger resins needed more resin contact duration than its 661 

counterpart, which are single-use resins. An extended contact duration infers that a huge 662 

volume of resin is required to treat contaminated wastewater. Furthermore, management of 663 

PFAS-laden brine remains a key challenge. These days, application of IX resins for a single 664 

use is more often than carrying out regeneration owing to the contaminated brine problem. 665 

Nevertheless, for long term operation on PFAS laden wastewater sources, optimization of 666 

process parameters of IX resins regeneration and brine handling procedures is necessary. Maga 667 

et al., 2021 performed an LCA of AFFF media treatment by applying PerfluorAd®. The 668 

application of PerfluorAd® reduce PFAS concentration before its treatment with activated 669 

carbon and incineration. Results of the investigation revealed that, the application of 670 

PerfluorAd® significantly reduced the environmental impact of PFAS remediation (Maga et 671 

al., 2021).  672 

        Nzeribe et al. (2019) reported EC treatment of PFAS contaminated synthetic wastewater 673 

at the bench and pilot scale in short span of time (Nzeribe et al., 2019). Nevertheless, real 674 

environmental wastewater may demand longer treatment duration and may perceive reduced 675 
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operation performance and electrode life. Whereas, commercial boron-doped diamond (BDD) 676 

electrodes are the most preferable and widely discussed in the published work, nevertheless 677 

they are expensive (~$7,125/m2) and hard to synthesize (Chaplin, 2019). Similar to BDD, other 678 

mixed metal oxide (MOO) electrodes, such as Ti4O7, which are cost-effective than BDD have 679 

demonstrated effectively in remediation of PFAS but have yet to be made saleable (Le et al., 680 

2019). 681 

 682 

6. Risk management  683 

     6.1 Regulatory guidelines, policies, and voluntary initiatives 684 

The establishment of a rigorous risk management of PFAS compounds is extremely complex 685 

due to several parameters: 686 

• High amounts of different PFAS compounds currently being used, 687 

• Novel PFAS compounds and precursors currently being developed and implemented 688 

which mostly go undetected, 689 

• Unknown toxicity of most PFAS compounds, 690 

• Monitoring and detection of PFAS compounds are time consuming and costly, 691 

• Difficulty in detecting and measuring PFAS compounds, particularly short- and ultra-692 

short-chain PFAS compounds (Yeung et al., 2017), 693 

• Expensive and highly sensitive equipment is required to analyse water samples for 694 

PFAS compounds that are typically recorded in nanograms. 695 

Most regulatory agencies and governments worldwide have yet to establish guideline values of 696 

PFAS in wastewater effluent (Podder et al., 2021). As outlined by Podder et al. (2021), the only 697 

countries that have established guideline values are the USA, Canada, Sweden, Italy, Germany, 698 

and Australia (Table 5). However, most of these guidelines are basic, typically only as a 699 

guidance (non-enforceable) and only cover conventional PFAS compounds such as PFOS and 700 

PFOA. The US EPA is planning to set regulatory limits on industrial PFAS effluents, including 701 

nine industrial categories, and they are expected to be released in 2022 and will be ongoing 702 

(US EPA, 2021b). Currently, the US EPA has established non-regulatory lifetime health 703 

advisories of 70 ng L-1 limit of ∑PFOA and PFOS on drinking water (US EPA, 2016a, b). 704 

Twelve US states have also provided drinking water guidelines for PFAS and are listed in the 705 

studies by Post (2021) and Podder et al. (2021). Moreover, Germany has also set the guidelines 706 
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of ∑PFOA and PFOS at 100 ng L-1 (Kim et al., 2012) and Italy has set the guidelines of 707 

∑PFOA, ∑PFOS, and ∑ other PFAS at 500, 30, and 500 ng L-1, respectively (Chohan et al., 708 

2021). In Australia, PFOS and PFOA guidelines have been set for the protection of 99% of 709 

species to 0.23 ng L-1 by the ANZECC water quality guideline, as mentioned in Section 2.2 710 

(HEPA, 2020). Sweden currently covers the most PFAS compounds in drinking water. These 711 

compounds include the sum of PFOA, PFOS, PFHxS, PFHxA, PFHpA, PFBS, 6:2 FTS, PFBA, 712 

PFPeA, PFNA, and PFDA and have a standard of 90 ng L-1 (Chohan et al., 2021).  713 

Currently there are policies and voluntary initiatives that are attempting to reduce the 714 

use of PFAS compounds. The Stockholm Convention is a global treaty that, since 2009, has 715 

restricted the use and production of PFOS and PFOA substances (Stockholm Convention, 716 

2019). Although 152 countries have ratified the Stockholm Convention, numerous countries 717 

are still using other PFAS compounds as the treaty is non-enforceable. An example of use of 718 

various unregulated PFAS is in China, the major producer and consumer of PFAS, despite the 719 

fact that China ratified the Stockholm Convention (Brennan et al., 2021). Moreover, China 720 

continues to use the restricted substances of PFOA and PFOS in firefighting foams. In 2020, 721 

the European Commission published the European Chemicals Strategy, which provided a 722 

strategy to phase-out all PFAS compounds, except those that are characterised as essential for 723 

a particular application (European Commission, 2020). Likewise with the Stockholm 724 

Convention, this strategy is not currently enforceable. However, countries such as Germany, 725 

Norway, and Sweden have raised serious concerns and proposed restrictions of certain PFAS 726 

compounds, such as PFHxA, PFHxS, and the emerging compounds of HFPO-DA and GenX 727 

(Brennan et al., 2021). Shifting of the use of fluorinated fire-fighting foams to non-fluorinated 728 

foams in the aviation industry, development of a national action plan for PFAS in all countries, 729 

and dialogue between various stakeholders are also needed to minimise PFAS risk. Voluntary 730 

initiatives are another strategy that have been used by Canada to reduce PFAS released into the 731 

environment. An agreement in 2015 between PFAS manufacturers and the government has 732 

seen many companies (e.g., Arkema Canada Inc. and Asahi Glass Company LTD) eliminate 733 

the manufacture of long-chain PFAS and precursor compounds (Brennan et al., 2021; 734 

Government of Canada, 2018). Collection of PFAS analysis data from different sources, 735 

including groundwater, surface water, and drinking water, and continuous evaluation and 736 

reporting of PFAS concentrations in drinking water and surface water are required to minimize 737 

the risk to humans and aquatic organisms. Overall, efforts have been made to have adequate 738 

policies and voluntary initiatives. However, the complexity of the situation and knowledge 739 
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gaps of PFAS have caused serious barriers to properly make effective regulations, policies, and 740 

initiatives.  741 

(Insert Table 5) 742 

 743 

6.2 Monitoring of PFAS  744 

Monitoring of PFAS is essential to be able to reduce the risk of high levels of PFAS 745 

compounds entering wastewater effluent (Andrews et al., 2021). As shown in Table 2 and 3, 746 

the major countries that have led the way for monitoring PFAS in wastewater are Australia, 747 

China, the USA, Canada, Korea, and some European countries, particularly in areas that are 748 

expected to have high PFAS compounds present (industrial effluent and landfill leachate). Out 749 

of the 3,000 PFAS compounds, there have only been at most 24 PFAS compounds recorded in 750 

a study, which represents only 0.8% of PFAS compounds monitored within a single study.  751 

Monitoring of PFAS is essential for tracking down point-source pollution occurring 752 

intentionally or unintentionally. These point sources typically dispose of large amounts of 753 

PFAS in effluents. Therefore, higher volumes of monitoring of various PFAS compounds are 754 

required to help with tracking the point source of the PFAS pollution, particularly in the 755 

industrial context where improper PFAS waste disposal typically goes unnoticed (Andrews et 756 

al., 2021). The case studies examined by Andrews et al. (2021) convey how large scale 757 

monitoring resulted in the identification of a large number of PFAS sites in Michigan and 758 

California. These studies have provided a deeper understanding of the main polluter of PFAS 759 

in wastewater effluent (Michigan Department of Environment, 2019). The Michigan 760 

government launched a program to identify and eliminate point sources of PFAS. The state’s 761 

PFAS water quality guidelines are >12 ng PFOS L-1; >420 ng PFOS L-1. Thirty-one out of 95 762 

WWTP sites had exceeded the guidelines. Based on these results, and the testing of other 763 

potential sites, landfill leachates represented the largest source of PFAS being discharged with 764 

49 out of 56 landfills recording PFAS levels over the guidelines (ranging from 13-5000 ng L-765 

1). Ninety-five percent of WWTPs that received landfill leached PFOS that exceeded the 766 

guidelines. Forty-seven out of 320 metal plating facilities that had effluent discharged into the 767 

WWTP exceeded the PFOS limit of which 33 out of 50 of these were chrome plating. These 768 

facilities had high levels of PFOS (20-240,000 ng L-1). Four out of 17 chemical manufacturers 769 

had effluent exceeding the PFOS guidelines. One of the sites had an extremely high reading of 770 

4,600,000 ng L-1 and showed how chemical manufacturers can be one of the biggest PFAS 771 
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polluters in wastewater effluent. Similarly, testing in California monitored the inputs of PFAS 772 

in wastewaters. However, the study Andrews et al. (2021) is still mostly underway, because 773 

only 9 out of 217 chrome plating facilities have been tested. The testing includes chrome plating 774 

facilities (n=9), landfills (n=189), municipal wastewater plants (n=135), and airport sites 775 

(n=21). Currently for these sites, the median value of 25 PFAS at airports, landfills, municipal 776 

wastewater plants, and airports were 54 ng L-1, 59 ng L-1, 95 ng L-1 and 6569 ng L-1. However, 777 

despite the higher concentration at the airport sites, the other sites of main concern are more 778 

frequent and widespread (Andrews et al., 2021). Overall, these case studies are consistent with 779 

the findings in Section 3, where landfill leachates and industrial effluents result in the greatest 780 

inputs of PFAS into wastewater. The case studies also show how, by monitoring of effluents, 781 

large amounts of PFAS from point sources can be identified and eliminated.  782 

 783 

7. Conclusions  784 

Wastewater sources are one of the most important point sources of PFAS reaching 785 

surface and groundwaters due to disposal of various domestic and industrial PFAS-containing 786 

products. The biological and chemical treatments within WWTPs can transform PFAS 787 

precursors. Abiotic and biotic processes that cause transformation of PFAS include oxidation, 788 

photolysis, and hydrolysis. Landfill leachates and industrial effluents contain the highest 789 

concentrations of PFAS levels and are released into waterways. The occurrence, distribution, 790 

and transformation of PFAS in landfill sources are dependent on a number of factors that 791 

include the nature of waste disposed, age of the landfill site, the type of landfill (i.e., engineered 792 

or conventional), and climatic conditions (i.e., temperature and rainfall). The fate of 793 

accumulated PFAS inside the wastewater sources is regulated by a combination of biological 794 

(biodegradation) and abiotic (desorption) processes.  795 

After the ban of longer-chain PFAS compounds, shorter-chain PFAS compounds have replaced 796 

these compounds and hence, have become more prevalent in wastewater sources. Shorter-chain 797 

PFAS can be more mobile and persistent within soils and wastewaters. Moreover, harmful 798 

PFAS precursors are making their way into domestic effluents. Treatment of long-chain PFAS 799 

compounds are more effective compared to shorter-chain compounds and are often poorly 800 

removed. Anion exchange resins and SCWT are more efficient at the removal of short-chain 801 

PFAS compared to other treatments. While various technologies have been tested for treating 802 
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firefighting foam-derived PFAS in groundwater, our knowledge is limited on the treatability 803 

of PFAS in wastewater sources.  804 
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Figures 1384 

 1385 

 1386 

Figure 1: Publications on PFAS in soil and water for the past 10 years. 1387 
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 1390 

Figure 2: Performance of different materials and technologies for PFASs removal from 1391 

wastewater  1392 
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Figure 3: Integrated hybrid process and comparative analysis of different removal processes for 1394 

PFASs removal from wastewater 1395 

 1396 
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Tables 1398 

Table 1: List of PFAS abbreviations used within the review  1399 

Class Abbreviation Chemical Name Formula 

PFCA PFPrA Pentafluoropropionic acid C2F5COOH 

 PFBA Perfluorobutanoic acid C3F7COOH 

 PFPeA Perfluoropentanoic acid C4F9COOH 

 PFHxA Perfluorohexanoic acid C5F11COOH 

 PFHpA Perfluoroheptanoic acid C6F13COOH 

 PFOA Perfluorooctanoic acid C7F15COOH 

 PFNA Perfluorononanoic acid C8F17COOH 

 PFDA Perfluorodecanoic acid C9F19COOH 

 PFUnDA Perfluoroundecanoic acid C10F21COOH 

 PFDoDa Perfluorododecane acid C11F23COOH 

 PFTrDA Perfluorotridecanoic acid C12F25COOH 

 PFTeDA Perfluorotetradecanoic acid C13F27COOH 

 PFODA Perfluorooctadecanoic acid C17F35COOH 

PFSA PFBS Perfluorobutane sulfonic acid C4F9SO3H 

 PFPeS Perfluoropentane sulfonic acid C5F11SO3H 

 PFHxS Perfluorohexane sulfonic acid C6F13SO3H 

 PFHpS Perfluoroheptane sulfonic acid C7F15SO3H 
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 PFOS Perfluorooctane sulfonic acid C8F17SO3H 

 PFNS Perfluorononane sulfonic acid C9F19SO3H 

 PFDS Perfluorodecane sulfonic acid C10F21SO3H 

 PFUnDS Perfluoroundecane sulfonic acid C11F23SO3H 

 PFDoDS Perfluorododecane sulfonic acid C12F25SO3H 

 PFTrDS Perfluorotridecane sulfonic acid C13F27SO3H 

 PFTeDS Perfluorotetradecane sulfonic acid C14F29SO3H 

Other PFOSA Perfluoroctylsulfonamide C8H2F17NO2S 

 FOSA Perfluorooctane sulfonamide acid C8F17SO3NH3 

 FOSAA Perfluorooctane sulfonamideoacetate acid C10H4F17NO4S 

 MeFOSAA 2-(N-Methylperfluorooctanesulfonamido)acetic acid C11H6F17NO4S 

 EtFOSAA N-ethylperfluorooctane sulfonamidoacetic acid C12H8F17NO4S 

 MeFBSA N-(Methyl)nonafluorobutanesulfonamide C5H4F9NO2S 

 MeFBSAA 2-(N-Methylperfluorobutanesulfonamido)acetic acid C7H6F9NO4S 

 4:2 FTSA 4:2 Fluorotelomer saturated sulfonic acid C6H5F9O3S 

 6:2 FTSA 6:2 Fluorotelomer saturated sulfonic acid C8H5F13O3S 

 8:2 FTSA 8:2 Fluorotelomer saturated sulfonic acid C10H5F17O3S 

 6:2 FTCA 6:2 Fluorotelomer saturated carboxylic acid C17H21F13N2O3S 

 8:2 FTCA 8:2 Fluorotelomer saturated carboxylic acid C10H3F17O2 
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 5:3 FTCA 5:3 Fluorotelomer saturated carboxylic acid C₈H₅F₁₁O₂ 

 7:3 FTCA 7:3 Fluorotelomer saturated carboxylic acid C10H5F15O2 

 10:2 FTCA 10:2 Fluorotelomer saturated carboxylic acid C12H3F21O2 

 6:2 FTUCA 6:2 Fluorotelomer unsaturated carboxylic acid C8H2F12O2 

 8:2 FTUCA 8:2 Fluorotelomer unsaturated carboxylic acid C10H2F16O2 

 10:2 FTUCA 10:2 Fluorotelomer unsaturated carboxylic acid C12H3F20O2 

 6:2 FTOH 6:2 Fluorotelomer alcohol C8H5F13O 

 8:2 FTOH 8:2 Fluorotelomer alcohol C10H5F17O 

 10:2 FTOH 10:2 Fluorotelomer alcohol C12H5F21O 

 12:2 FTOH 12:2 Fluorotelomer alcohol C14H5F25O 

 6:2 FTI 6:2 Fluorotelomer iodide C8H4F13OI 

 6:2 FTMAC 6:2 Fluorotelomer methacrylate C12H9F13O2 

 8:2 FTAC 8:2 fluorotelomer acrylate C13H7F17O2 

 8:2 FTMAC 8:2 Fluorotelomer methacrylate C12H9F13O2 

 6:2 FTAB 6:2 fluorotelomer sulfonamide alkylbetaine C15H20F13N2O4S
+ 

 M4 
6:2 Fluorotelomer sulfonamide propyl N,N 

dimethylamine 
C13H18F13N2O2S

+ 

 1400 

 1401 
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Table 2: Concentrations of PFAS (ng L−1) in domestic and industrial effluent recorded. Values recorded as mean or range. (See List of 1402 

Abbreviations for associated compound names) 1403 

 
(Gallen et 

al., 2018) 

(Coggan et 

al., 2019) 

(Houtz et 

al., 2016) 

(Zhou et 

al., 2019) 

(Zhang et 

al., 2015) 

(Lorenzo 

et al., 

2019) 

(Clara et 

al., 2008) 

(Kunachev

a et al., 

2011) 

(Dauchy et 

al., 2017) 

(Bossi et 

al., 2008) 

(Kim et 

al., 2021) 

Effluent type Domestic Domestic Domestic Domestic Domestic 
Domestic/ 

Industrial 
Industrial Industrial Industrial Industrial Industrial 

Country Australia Australia US China China Spain - Thailand France Denmark Korea 

No. of sites 14 19 6 6 2 10 9 1 1 4 77 

PFPrA - - - - 13.5-15.3 - - - - - - 

PFBA - 13 16 20.24 27.6-93.5 4.4 - - 2-50.7 - 317 

PFPeA - 8.3 - - <LOQ-754 1.3 - 7.9 0.9-3.6 - 110 

PFHxA 18 21 26 4.02 15.8-68.7 3.2 ND-180 1 5.1-45.3 - 167 

PFHpA 3.6 6.1 4.4 0.75 7.4-11 20.4 ND-55 1.8 1-2.7 - 29.6 

PFOA 22 19 21 6.07 252-429 65 1.4-76 16.9 <2-5.9 <2-115.4 58.7 

PFNA 1.3 0.92 8.4 0.26 2.9-5.54 9.6 ND-320 353.2 <2 <0.8-76 14.5 
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PFDA 3.0 1.3 3.5 0.14 3.4-2.32 2.8 ND-96 1.8 <2-3.7 <1.6-35.7 8.9 

PFUnDA 0.49 <LOQ - 0.03 1.1-11.7 2.7 ND-70 157.6 <2 <2.2-18.8 <LOQ 

PFDoDa 0.11 0.47 - 0.06 <LOQ 1.6 ND-4.2 ND <2 - 35 

PFTrDA - <LOQ - 0.03 - 4.8 - - - - - 

PFTeDA - 0.27 - 0.04 ND-<LOQ 2.2 - - - - - 

PFODA - - - - - ND - - - - - 

PFBS - 4 2.7 2.17 70.4-702 16.7 - - - - 344 

PFPeS - 1.9 - - - - - - - - 343 

PFHxS 20 13 4.8 0.24 ND-42.7 18 - 50.4 - <0.2-19.8 12500 

PFHpS - 0.86 - - - 2.5 - - - - 5 

PFOS 25 15 13 1.86 44.6-84.5 35 ND-8410 552.8 - <1.5-1115 103 

PFNS - - - - - - - - - - - 

PFDS - 0.21 - ND - ND ND - - - - 

PFUnDS - - - - - - - - - - - 

PFDoDS - - - - - - - - - - - 
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PFTrDS - - - - - - - - - - - 

PFTeDS - - - - - - - - - - - 

PFOSA - - - - - - - - - - - 

FOSA - - - - - - - - - - - 

FOSAA - - - - - - - - - - - 

MeFOSAA - - - - - - - - - - - 

EtFOSAA - - - - - - - - - - - 

MeFBSA - - - - - - - - - - - 

MeFBSAA - - - - - - - - - - - 

4:2 FTSA - - - - - - - - <0.8-14.0 - - 

6:2 FTSA - 7.3 - - - - - - 443-4413 - <LOQ 

8:2 FTSA - 0.53 - - - - - - 21.9-110 - 9.3 

6:2 FTCA - - - - - - - - 2.2-3.0 - - 

8:2 FTCA - - - - - - - - - - - 

5:3 FTCA - - - - - - - - - - - 
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7:3 FTCA - - - - - - - - - - - 

10:2 FTCA - - - - - - - - - - - 

6:2 FTUCA - - - - - - - - - - - 

8:2 FTUCA - - - - - - - - - - - 

10:2 FTUCA - - - - - - - - - - - 

6:2 FTOH - - - - - - - - 10.9-110 - - 

8:2 FTOH - - - - - - - - 12.5-4265 - - 

10:2 FTOH - - - - - - - - 14.1-1820 - - 

12:2 FTOH - - - - - - - - 0.1-1.1 - - 

6:2 FTI - - - - - - - - 0.7-3.5 - - 

6:2 FTMAC - - - - - - - - 1.3-2.6 - - 

8:2 FTAC - - - - - - - - <10-136 - - 

8:2 FTMAC - - - - - - - - 0.2-<10 - - 

6:2 FTAB - - - - - - - - 
3987-

45462 
- - 
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M4 - - - - - - - - 957-5748 - - 

ƩPFAS Ʃ9=94 Ʃ21=110 Ʃ9=100 Ʃ15=38 
Ʃ14=438.7

-1589 
Ʃ16=192 

Ʃ10=22-

617 
Ʃ10=1143 

Ʃ23=5459-

62200 
Ʃ15=5180 Ʃ16=5180 

LOQ = Values below the quantification limit; ND = Not detected; ƩPFAS = Sum of PFAS; No. of sites = number of sites or WWTPs 1404 

recorded. 1405 

  1406 
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Table 3: Concentrations of PFAS (ng L−1) in landfill leachates and stormwater recorded. Values recorded as mean or range. (See List 1407 

of Abbreviations for associated compound names) 1408 

 
(Lang et 

al., 2017) 

(Gallen et 

al., 2017) 

(Yan et al., 

2015) 

(Solo-

Gabriele 

et al., 

2020) 

(Benskin 

et al., 

2012) 

(Huset et 

al., 2011) 

(Bai and 

Son, 2021) 

(Zushi and 

Masunaga, 

2009) 

(Murakam

i et al., 

2009) 

(Nguyen et 

al., 2011) 

(Xiao et 

al., 2011) 

Effluent type 
Landfill 

leachates 

Landfill 

leachates 

Landfill 

leachates 

Landfill 

leachates 

Landfill 

leachates 

Landfill 

leachates 
Stormwater Stormwater Stormwater Stormwater Stormwater 

Country US Australia China US Canada US US Japan Japan Singapore US 

No. of sites 18 27 5 5 2 4 2 1 3 5 4 

PFPrA - - 5872 - - - - - - - - 

PFBA 300-1000 - 3518 1164 70-660 325 1.3 - - - - 

PFPeA 200-1000 - 2494 891 570-1300 - 29.05 - - - - 

PFHxA 500-2000 1700 1430 2276 650-2500 340 49.35 7.4 - - - 

PFHpA 100-1000 430 1297 1600 240-690 210 14.5 6.4 - <0.7-10.5 ND-6.8 

PFOA 100-1000 690 49246 1640 210-1500 663 17.1 28.4 17-174 7.2-38.2 3.5-30.6 
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PFNA 5-100 49 146 93 15-450 20 ND 84.9 4.7-70 0.9-78.3 ND-10.7 

PFDA 3-100 18 4 83 10-1100 7 ND 5 1.8-77 0.7-28.2 ND-10.6 

PFUnDA - 3.1 - - <3-120 2 - 6.7 NA-45 0.2-3.1 ND-2.9 

PFDoDa - 1.2 - - <1.4-16 0.2 ND - - ND-1 - 

PFTrDA - - - - - 0 ND - - - - 

PFTeDA - - - - <1.5-5.1 1.8 - - - - - 

PFODA - - - - - - - - - - - 

PFBS 10-500 - 15236 1694 28-190 247 11.45 3 - - - 

PFPeS - - - - - - 1.5 1.5 - - - 

PFHxS 20-500 1200 131 1684 85-570 177 8.8 15.8 - 1.2-73 - 

PFHpS - - - - - - ND - - - - 

PFOS - 310 2716 598 80-4400 59 7.55 44.1 2.8-50 4.5-139 <LOQ-156 

PFNS - - - - - - - - - - - 

PFDS - - - - <1.8-63 0.4 5.8 - - - - 

PFUnDS - - - - - - - - - - - 
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PFDoDS - - - - - - - - - - - 

PFTrDS - - - - - - - - - - - 

PFTeDS - - - - - - - - - - - 

PFOSA - - - - - - - - - - - 

FOSA - - - - 3.4-220 0 - - - ND-3.2 - 

FOSAA - - - - 22-990 0.2 - - - ND-1.8 - 

MeFOSAA - - - - 180-5000 77 - - - 0.3-4 - 

EtFOSAA - - - - 290-8700 140 - - - 0.3-14.7 - 

MeFBSA - - - - - 0.5 - - - - - 

MeFBSAA - - - - - 92 - - - - - 

4:2 FTSA - - - - - - - - - - - 

6:2 FTSA 5-300 - - - - 93 - - - <0.4-35.9 - 

8:2 FTSA 0.3-100 - - - - 1.8 - - - - - 

6:2 FTCA 100-3000 - - - <5.7-280 - - - - - - 

8:2 FTCA 10-400 - - - <8.6-5200 - - - - - - 
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5:3 FTCA 400-15000 - - 1231 - - - - - - - 

7:3 FTCA 30-900 - - - - - - - - - - 

10:2 FTCA - - - - 36-775 - - - - - - 

6:2 FTUCA - - - - 7.1-64 - - - - - - 

8:2 FTUCA - - - - 49-2100 0.7 - - - - - 

10:2 FTUCA - - - - 7.3-430 - - - - - - 

6:2 FTOH - - - - - - - - - - - 

8:2 FTOH - - - - - - - - - - - 

10:2 FTOH - - - - - - - - - - - 

12:2 FTOH - - - - - - - - - - - 

6:2 FTI - - - - - - - - - - - 

ƩPFAS 
Ʃ19=2000-

29000 
Ʃ9=4401 Ʃ11=82076 Ʃ11=11791 

Ʃ24=2546-

36207 
Ʃ24=2738 Ʃ16=190 Ʃ10=203 

Ʃ5=3.3-

387.6 

Ʃ13=29.4-

643.9 

Ʃ6=3.5-

217 

LOQ = Values below the quantification limit; ND = Not detected; ƩPFAS = Sum of PFAS; No. of sites = number of sites or WWTPs 1409 

recorded.  1410 

  1411 
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Table 4: Removal efficacy with advantages and disadvantages of different remediation of PFAS during 2017-2021 1412 

Method Materials  

Removal efficacy of PFAS (% or, 𝑛𝑔𝐿−1) 

Advantages Disadvantages Ref. 

PFOA PFOS 
PFB

A 
PFBS PFHxA PFHxS 

Sorption 

GAC ~93% ~61% ~94%    

➢ Better for short-chain 

PFBA removal  

➢ more sorption 

capability. 

➢ low performance for 

short-chain PFAS. 

➢ Longer operation 

time and pores block  

(Inyang and 

Dickenson, 

2017) 

Poly(ethyleni

mine)-

functionalize

d cellulose 

microcrystals 

~90% ~98% 
~2.5

% 
~7% ~12.5% ~52% 

➢ Cost effective  

➢ Natural based 

adsorbent 

➢ potential for long-

chain PFAS  

➢ Not good for short-

chain PFAS removal 

(Ateia et 

al., 2018) 

*IRA910 

resin 
~38% ~88% ~2% ~22% ~10% ~52% 

➢ Enable to competitive 

sorption  

➢ Effective sorption 

media for long-chain 

PFAS removal. 

➢ Decrease removal 

efficacy in presence 

of inorganic ions. 

(Maimaiti 

et al., 2018) 

Magnetic 

ion-

exchange 

(IX) resin  

~55% ~85% ~20% ~70% ~40%  

➢ Cost effective and 

potent for short chain 

PFAS removal. 

➢ Have higher stability, 

fast recover of 

sorption capability  

➢ Not effective for long 

chain of PFAS. 

➢ Regeneration media 

are not friendly  
(Park et al., 

2020)  

Anionic IX 

resin (AIX) 
~95% ~90% ~98% ~92%   

➢ >99% PFAS removal  

➢ Resin regeneration 

efficiency too good 

with >10% NaCl. 

➢ Overall cost effective 

➢ need backwash 

(Dixit et 

al., 2020) 
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DMAPAA-

Q* 

synthesized 

polymer 

hydrogel 

~88% 
~100

% 
~81% ~91% ~80% ~93% 

➢ Excellent adsorption 

capability of short- 

and long-chain PFAS 

➢ Fast removal kinetics 

(1-2 h) 

➢ Not affected by pH 

range. 

➢ Excellent 

regeneration  

➢ Need to effective 

design instead of lab 

scale. 

(Ateia et 

al., 2019) 

Filtration 

Nanofiltration 

with AIX 

24

± 3.3𝑎 

 

142

±  24𝑎 

 

17

± 4.7𝑎 

 

44

± 9.7𝑎 

 

37

± 9.2𝑎 

 

306

± 24𝑎 

 

➢ Capable to remove 11 

PFASs. 

➢ 98% removal 

performance 

➢ Safe and acceptable 

method 

➢ Challenging in 

process monitoring 

and maintaining. 
(Franke et 

al., 2021) 

~50%𝑏  ~100%𝑏  - ~100%𝑏  ~10%𝑏  ~99%𝑏  

β-

lactoglobuli

n amyloid 

fibril 

membrane  

77.2% 
97.1

% 
96% >96% 28.3% 69% 

➢ Good for long and 

short chain of PFAS 

removal. 

➢ Environmentally 

friendly and high 

sustainability  

➢ complex mechanism. 

(Jin et al., 

2021) 

Chemical 

redox 

Non-thermal 

plasma 

generator 

50% 85%   40%  

➢ activate oxidation, 

electric field, free 

radical & ozone 

➢ Energy saving 

treatment. 

➢ Not good for short-

chain PFAS  

➢ byproducts form  
(Palma et 

al., 2021) 

Transition 

Metal 

(𝐴𝑔+)–

Activated 

PS* 

~80% 
~100

% 
    

➢ Decomposition 

occurs within a 

comparable short 

time. 

➢ Complex system. 

(Parenky 

Akshay et 

al., 2020) 
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Ultrasonic 

activated 

PS* 

100 ± 

1.2% 

46.5 

± 

1.0% 

62-71% 

➢ Synergistic effects of 

degradation. 

➢ Easy operating.  

➢ byproducts form 

➢ Need development 

for field application 
(Lei et al., 

2020) 

UV/sulfite 

reductive  

93 ± 

1.6% 
 

92 ± 

2.8% 
 

89 ± 

2.4% 
 

➢ Materialization 

performance too 

good. 

 (Bentel et 

al., 2020) 

Electroch

emical 

𝑃𝑏𝑂2 

activated 

anode 

>99%  0.5%      

➢ High current density 

to enhance degrade 

capability. 

➢ Cost effective 

➢ High operation time 

➢ Complex process 

➢ Ion & HF gas leaked  
(Fang et al., 

2019) 

Titanium 

suboxide 

anode 

>90% >90% 50% >90% >90% >90% 

➢ High fluoride release 

ratio  

➢ Complete 

mineralization. 

➢ Degrading all PFAS 

(10 min)  

➢ Need to more 

development 

➢ Costly system. 
(Wang et 

al., 2020) 

B-doped 

diamond 

electrode 

~100%  ~80%     

➢ High current density  

➢ Produce minimal 

amount of short-chain 

byproduct  

➢ Needed extra 

treatment time  (Uwayezu 

et al., 2021) 

Thermal 

treatment 

Volatilizatio

n of PFAS 

at 350˚C 

99.22

% 

99.92

% 

99.82

% 

99.80

% 
99.96% 

99.84

% 

➢ Excellent degrading 

capability  

➢ At 400˚C all PFAS 

are degraded almost 

100% 

➢ Not cost effective 

➢ Toxic byproducts 
(Crownove

r et al., 

2019) 

GAC*-

thermal 

reactivation 

70-

99.81

% 

98.67

-

100% 

94.31

-

99.98

% 

97.51

-

99.97

% 

 

98.30-

99.94

% 

➢ Mineralization 

capability of PFAS is 

high  

➢ Degradation occurs 

within a short time.  

➢ toxic byproducts. 

➢ high temperature  

(Xiao et al., 

2020) 
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Hybrid 

treatment 

*[RO-

UV/AOP + 

𝑂3-BAC-

GAC]. 

>77 ± 

14% 
>71% 

>79 ± 

10% 
 

>96 ± 

6% 
>80% 

➢ Cover removal of 

almost all PFAS 

materials. 

➢ System management 

too challenging  

(Glover et 

al., 2018) 

*DMAPAA-Q: Poly (N-[3-(dimethyl amino)propyl] acrylamide, methyl chloride quaternary); *GAC: Granular activated carbon; *[RO-UV/AOP + 𝑂3-BAC-GAC]: [Reverse osmosis-UV/advanced 

oxidation process + ozone-biological activated carbon filtration-granular activated carbon adsorption]; *IRA910: Strong base anion-exchange resin; *PS: persulfate; Filtration𝑎: Captured concentration 

(𝑛𝑔𝐿−1) of PFAS from feedwater during two stages stepwise nanofiltration by two Filmtec-NF90 and NF270 membrane respectively; Adsorption𝑏: Removal efficiency (%) of PFAS from NF 

concentrate at 20 × 103 BV during treating by Purofine PFA694 resin. 

 1413 

  1414 
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Table 5: PFAS compounds and the regulatory guidelines in selected countries/states 1415 

 1416 

Country/stat

e 

Compound Standard Advisory/regulatory 

body 

Type of water References 

Australia PFOA, ∑PFOS, ∑PFHxS 10 μg L-1, 2 

μg L-1 

National Health and 

Medical Research 

Council 

Recreational water (Coggan et al.,2019) 

Australia PFOS, PFOA 0.23 ng L-1, 

1900 ng L-1 

National 

Environmental 

Management Plan 

Fresh water and 

marine water 

(Coggan et al.,2019) 

Germany ∑PFOA, ∑PFOS 100 ng L-1 German Ministry of 

Health 

Drinking water (Kim et al., 2012) 

Sweden ∑PFOA, ∑PFOS, ∑PFHxS, 

∑PFHxA, ∑PFHpA, ∑PFBS, 

∑PFBA, ∑PFPeA, ∑PFNA, 

∑PFDA 

90 ng L-1 National Food Agency Drinking water (Chohan et al., 2021) 
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Italy ∑PFAS, ∑PFOA, ∑PFOS,  500 ng L-1, 30 

ng L-1, 500 ng 

L-1 

Italian National Health 

Service 

Drinking water (Chohan et al., 2021) 

Canada PFOA, PFOS 200 ng L-1, 

600 ng L-1 

Health Canada Drinking water (CELA, 2019) 

USA ∑PFOA, ∑PFOS 70 ng L-1 US EPA Drinking water  (Cordner et al., 2019) 

USA/Minnes

ota 

PFOA, PFOS 35 ng L-1, 27 

ng L-1 

Minnesota Department 

of 

Health 

Drinking water  (Cordner et al., 2019) 

USA/Vermon

t 

∑PFOA, ∑PFOS, ∑PFHxS, 

∑PFHpA, ∑PFNA 

20 ng L-1 Department of 

Environmental 

Conservation 

Drinking water Cordner et al., 2019) 

USA/ New 

Jersey 

PFOA, PFOS 14 ng L-1, 13 

ng L-1 

New Jersey 

Department of 

Environmental 

Protection 

Drinking water Cordner et al., 2019) 
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USA/Califor

nia 

PFOA, PFOS 14 ng L-1, 13 

ng L-1 

California State Water 

Resources Control 

Board 

Drinking water (CARE, 2019) 

USA/New 

Hampshire 

PFOA, PFOS, PFHxS, PFNA, 

PFOA 

12 ng L-1, 15 

ng L-1, 18 ng 

L-1, 

11 ng L-1 

New Hampshire 

Department of 

Environmental 

Services 

Drinking water (Gagliano et al. 2020) 

USA/Wiscon

sin 

PFOA, PFOS 2 ng L-1 Wisconsin Department 

of 

Health 

Drinking water (Gagliano et al. 2020) 

1417 
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Supplementary Material 1418 

 1419 

SI-Figure 1. Flowchart of the journal article decision-making process and scope of the review  1420 

 1421 


