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Abstract: This review focus on a critical analysis of nanocatalysts for Advanced Reductive Pro-

cesses (ARP) and Oxidation Processes (AOP) designed for the degradation of poly/perfluoroalkyl 

substances (PFAS) in water. Ozone, ultraviolet and photocatalyzed ARP and/or AOP will be the 

basic treatment technologies. Besides the review of the nanomaterials with greater potential as 

catalyst for advanced processes of PFAS in water, the perspectives for its future development con-

sidering sustainability considerations will be discussed. Moreover, a brief analysis of the current 

state of the art of the ARP and AOP for the treatment of PFAS in water will be presented.  
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1. Introduction 

Poly- and perfluoroalkyl substances (PFAS) are a huge class of mainly fluorinated 

anionic surfactants, consisting of a hydrophobic carbon-fluorine straight or branched 

chain and a hydrophilic functional group, with over 3000 compounds that have been 

made and used since the 1950s [1]. PFAS can be classified under three subclasses [2]: 

perfluoroalkyl sulphonoic acids (PFSA); perfluoroalkyl carboxylic acids (PFCA); 

fluorotelomer-based substances (precursor compounds). The two most representative 

PFAS are the PFCA perfluorooctanoic acid (PFOA) and the PFSA perfluorooctane sul-

fonate (PFOS), because they were extensively produced and studied [3]. Due to their 

persistence, bioaccumulation, and toxicity, some of these substances are now listed in the 

Stockholm Convention as new POPs [4]. Human exposition to these substances occurs 

mainly through food ingestion and drinking water [3]. PFAS have been detected in 

wastewaters of municipal wastewater treatment plants without known direct industrial 

sources [5].  

Currently, due to a myriad of applications [1-7], PFAS are ubiquitous in environ-

mental water, and sustainable remediation strategies must be designed to improve the 

quality of water and reduce human health risks burdens. However, due to the high 

chemical strength of the carbon to fluorine bond, PFAS are known to be highly recalci-

trant to conventional water treatment processes [2,6,7]. Due to this limitation, adsorption, 

membranes and ion-exchange technologies, which are efficient in their capture from 

water sources, are being proposed [8-12]. However, these technologies do not destroy 

PFAS and produce solid-wastes that require incineration, which raises serious sustaina-

bility questions [6]. High energy technologies, like plasma, electron beams and gamma 

rays, have been successful in the destruction of PFAS, but their practical use is limited 

[2,6]. Also, some mechanochemical, electrochemical and sonochemical methodologies 

showed potential, but major up-scaling challenges limit they utilization [2,6].    

Advanced reduction and oxidation processes (ARP and AOP) using ozone, persul-

fate, hydrogen peroxide and ultraviolet can be easily implemented in water treatment 

stations, and have shown promising results in the degradation of PFAS [13-16]. Persul-
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fate-based AOP, that generate sulphate radical, seems to be a better oxidant of PFAS 

[13,16]. Photochemical heterogeneous catalytic AOP have shown to degrade efficiently 

PFAS [5-7,17,18]. 

Nanomaterial-based treatment technologies for PFAS in water have been proposed 

taking into consideration their high surface specific area (SSA), which would have im-

proved the adsorption capabilities, and their designed increased reactivity, particularly 

as photocatalysts [19-23]. Titanium and Indium oxides have been shown to be particu-

larly active in the catalysis of photochemical decomposition of PFAS [19,21,22]. Car-

bon-based nanomaterials, namely carbon nanotubes and graphene and its derivatives, 

have also been proposed for the degradation of PFAS, taking into consideration their 

high hydrophobicity, which is particularly adjustable for the adsorption of the hydro-

phobic carbon-fluorine chain of PFAS [23].  

The objective of this review is to present, and critically discuss, the currently stand-

ard ARP and AOP that can be used for PFAS degradation in water, and to review the 

nanomaterials that are currently being proposed to be coupled to advanced processes for 

water PFAS treatment. In the case of the nanomaterials this review will focus mainly on 

the publications and research trends in the last two years.  

 

2. Advanced oxidation/reduction processes  

AOP and ARP combine activation methods and chemical agents to form reactive 

radicals that will degrade PFAS compounds. The degradation efficiency can be measured 

using different indicators, like the “F index”, overall defluorination ratio (overall deF%) 

and molecular defluorination ratio (molecular deF%): 

 

F index = [F-]released / [PFAS]degraded         (1) 

 

Overall deF% = 100 x [F-]released / {[PFAS]0 x NC-F}     (2) 

 

Molecular deF% = 100 x [F-]released / {[PFAS]degraded x NC-F}    (3) 

 

where, [F-]released is the molar concentration of fluoride released; [PFAS]0 is the initial 

molar concentration of PFAS; [F-]degraded is the molar concentration of PFAS degraded; and 

NC-F is the number of C-F chemical bounds in the parent PFAS molecule.  

 

2.1. ARP 

The molecular degradation processes in ARP typically involve the hydrated elec-

tron (eaq-), hydrogen atoms (H*), and others, due to the specific chemical that is used, like 

for example when coupled with sulfite anions, the sulfite radical anions (SO3*-) are also 

produced [27,36]. 

 

2.2.1. Ultraviolet light (254 nm) systems  

The photoionization of sulfite in water under standard UV light (254 nm) (UV sys-

tems) is described by the following chemical equation: 

 

SO32- + h → SO3*- + eaq-          (4) 

 

The reactivity of the hydrated electron is capable to break the carbon fluorine 

chemical bond of the PFAS and in a treatment process its concentration must be maxim-

ized. The pH will be an important factor in the hydrated electron speciation because it 

reacts with protons, accordingly to the following equation: 
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eaq- + H+ → H*           (5)  

 

 

However, if alkaline pH is used (for example, pH=10-12), the hydrated electron is 

regenerated according to the following equation [37,38]: 

 

H* + OH- → H2O + eaq-          (6)  

 

Therefore, alkaline conditions are preferred for the degradation of PFAS in water. 

The presence of the anions nitrate and carbonate will quench the hydrated electron in-

hibiting its degradation efficiency [38]. Also, increasing the temperature and the solute 

dose will increase the degradation and defluorination efficiencies - in the case of the so-

lute dose, a critical value is observed above which no increase occurs [27].  

The degradation mechanism of the PFOA molecules by the hydrated electron fol-

lows by H/F exchange and chain shortening (Figure 1) [27]. In the case of PFOS, besides 

similar H/F exchange and chain shortening via C-C cleavage, a desulfonation mechanism 

is observed (Figure 2) [27].  

 

Figure 1. Proposed major pathways of reductive degradation of PFOA. Adapted with permission 

from reference [27]. Copyright {2020} American Chemical Society. 
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Figure 2. Proposed major pathways of reductive degradation of PFOS. Adapted with permission 

from reference [27]. Copyright {2020} American Chemical Society. 

2.2.2. Vacuum ultraviolet light (185 nm) systems 

Contrary to the common UV systems, the vacuum ultraviolet light systems (VUV), 

emitting in the high-energy wavelength region (185 nm/647 kJ/mol), can directly de-

compose PFAS molecules [39,40]. Moreover, these systems can produce more hydrated 

electrons due to the water photolysis (*OH - hydroxyl radical): 

 

H2O + h → H* + *OH         (7) 

 

H2O + h → H+ + eaq- + *OH        (8) 

 

In order to improve the hydrated electron production, VUV is coupled to the chem-

ical agents iron(III) in acid aqueous solution [39] and sulfite in neutral to alkaline aqueous 

solutions [40]. In these cases, equation (4) is also observed and, when iron(III) is present, 

the formation of complexes between ferric ions and PFOA improves the degradation ef-

ficiency [39].  

When ferric ion is used in the VUV, the defluorination rates increased 2.6 times [39] 

and, when sulfide is present, the PFOS decomposition rate increased nearly 7.5 and 2 

folds faster than that in sole VUV and UV/sulfite systems, respectively [40].  

In the case of the VUV/sulfite, the degradation mechanism depends on the pH of the 

solution: at pH=6 the direct photolysis of PFOS is observed; and, in alkaline condition 

(pH>9), the decomposition occurs via hydrated electron induction [40].  

 

2.2. AOP 

Different activation methods are commonly used in AOP that can easily be scaled up 

in real water or wastewater treatment stations, and, in this review, we will focus on 

ozone, UV and heterogeneous photocatalysis.  

The molecular degradation processes in AOP are designed for the production of the 

hydroxyl radical (*OH), or other reactive oxygen species (ROS) that can be transformed 

into the hydroxyl radical, like the superoxide (O2*-) and peroxyl (HO2*) radicals. *OH 

radicals are extremely reactive oxidizers (oxidation potential of the OH radical is ap-
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proximately 2.8 V) and non-selective towards organic pollutants in water [41-43]. Other 

specific strong oxidant radical species can be produced when other chemical precursors 

are coupled with basic AOP, like for example persulfate anion that generates the sulfate 

radical (SO4*-) [43].  

The degradation of PFAS by the hydroxyl radical was referred as a minor pathway, 

which was justified by use of experimental conditions where the production yield of this 

radical was low [44-47]. However, other different experimental conditions of the AOP 

resulted in quantitative degradation efficiencies which makes ozone, and particularly 

when coupled with other agents, useful AOP for the degradation of PFAS. Some of the 

observed low efficiencies of AOP in the PFAS degradation, is related to the high reduc-

tion potential of fluorine (Eº = 3,6 V), which makes the oxidation of fluoride to elemental 

fluorine thermodynamically unfavorable [46].  

 

2.2.1. Ozone  

Bubbling ozone gas in water generates a mixture of unstable reactive species where 

hydroxyl radical is the major secondary oxidant [41,42]. The decomposition of ozone ini-

tiates with the reaction with hydroxide ions, involving reactions (9) to (11); depending on 

the pH of the aqueous solution, it evolves according to the different mechanisms de-

picted in reactions (12) to (16) [42]. 

 

O3 + OH- → HO2- + O2         (9) 

O3 + HO2- → *OH + O2*- + O2        (10) 

O3 + O2*-→ O3*- + O2         (11) 

 

pH <≈ 8 

O3*- + H+ ⇌ HO3*          (12) 

HO3*- → *OH + O2          (13) 

 

pH >≈ 8 

O3*- ⇌ O*- + O2          (14) 

O*- + H2O → *OH + OH-         (15) 
*OH + O3 → HO2* + O2         (16) 

 

To increase hydroxyl radical production, ozone can be coupled to hydrogen perox-

ide (H2O2) in the so-called peroxone process [48,49]. The hydroxyl radical production 

mechanism in the peroxone process is [49]: 

 

H2O2 ⇌ HO2- + H+         (17) 

HO2- + O3 → HO2* + O3*-        (18) 

O3*- + H+ → HO3*-          (19)  

HO3*- → O2 + OH*          (20) 

OH* + H2O2 → HO2* + H2O        (21) 

 

The analysis of equation (21) shows that the relative amount of hydrogen peroxide 

can provoke the quenching of the hydroxyl radical. Consequently, there exists an opti-

mum ratio between ozone/hydrogen peroxide that maximizes the production of hy-

droxyl radical and the efficiency of the peroxone process [49].  

 

Ozone can be coupled with 254 nm UV light (Ozone/UV process), which will gen-

erate further hydroxyl radical mainly according to the following chemical equations [49]:  

 

O3 + h → O2 + O*          (22) 

O* + H2O → 2 *OH         (23) 
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The catalytic degradation of ozone can also promote the formation of hydroxyl rad-

icals enhancing the degradation efficiency of organic molecules. For example, the pres-

ence of iron(II) may result in the following chemical equations [50]: 

 

Fe2+ + O3 → FeO2+ + O2          (24) 

FeO2+ + H2O → Fe3+ + *OH + OH-       (25) 

 

Molecular ozone has a redox potential of Eº=2.07 V and *OH an Eº=2,8 V, and these 

characteristics are insufficient for the quantitative degradation of PFAS [46]. The degra-

dation of PFSA and PFCA using 0.300 g of ozone per hour achieved about 22% degrada-

tion [46]. However, in another work, PFAS molecules were quantitatively degraded with 

ozone air fractionation [47]. Also, the degradation of PFOA and PFOS achieved 85 up to 

100% via ozonation (2.5 wt% O3 generated at 85 W at 8.7 g of ozone per hour) under al-

kaline conditions (pH=11) [44]. Contrary to these last studies, PFOA was only 0.5% 

defluorinated in 4 hours reaction time using ozone at 0.025 g per hour [14]. The analysis 

of these results with PFAS and ozone, apparently shows that the higher the ozone dosage 

is, the higher the degradation efficiency and, also, alkaline pH values increase the deg-

radation efficiency. Nevertheless, apparently the optimum ozone concentration has a 

threshold due to a self-quenching of the hydroxyl radical [51]. But, the effect of the hy-

droxyl radical in the PFAS degradation is controversial, and a study has shown that it is 

ineffective in that role [52].  

Coupling ozone with other agents usually increases the PFAS degradation yield. 

Bubbling ozone in a photoreactor containing a 28 W mercury lamp (254 nm) and the 

photocatalyst TiO2, allowed a 4.18 times defluorination increase when compared with the 

UV/O3 system [14]. Coupling ozone with H2O2 resulted in an enhanced PFAS removing 

rates [44]. Using ozone/persulfate in pilot-scale experiments, resulted in a overall 77% 

PFAS removal improvement and a degradation higher than 98% of the long-chain PFAS 

[46].  

 

 

2.2.2. UV degradation techniques 

UV radiation is sub-divided into four wavelength regions accordingly to its energy: 

vacuum UV (VUV), 100-200 nm; UVC, 200-280 nm, which includes the standard 254 nm; 

UVB, 280-315 nm; and, UVC, 315-400 nm. The energy that corresponds to UV ranges that 

are usually used in water treatment, VUV and UVC, is 646.8 kJ/mol (185 nm) and 471.1 

kJ/mol (254 nm), respectively [53]. Also, C-C and C-F bond energies are 347 and 552 

kJ/mol, respectively, meaning that PFAS should not be, at least, fully photolyzed by the 

254 nm UV radiation, which is the most common used UV source because it is commer-

cially available for water disinfection applications [54].      

The direct degradation of PFOA by 254 nm UV lamp is, as expected, limited [52-56]. 

Relatively high degradation rates (89% degradation and 33% defluorination yields) were 

only observed with relatively high power xenon-mercury lamp (200 W) and for a rela-

tively high exposition time (72 h) [56]. The degradation under six UVC-254 nm 4 W lamps 

for 24 hours resulted in 21% degradation and 9% defluorination yields [52]. 

UV AOP is commonly coupled to hydrogen peroxide to generate the hydroxyl rad-

ical (UV/H2O2) and the following mechanism is observed [43]: 

 

H2O2 + h → *OH          (26) 

H2O2 + *OH → HO2* + H2O         (27) 

H2O2 + HO2* → H2O + O2 + *OH        (28) 
*OH + *OH → H2O2          (29) 
*OH + HO2* → H2O + O2         (30) 

HO2* + HO2* → H2O2 + O2         (31) 
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However, as discussed in the previous ozone section, *OH generation methods are 

generally ineffective in the degradation of PFAS [53]. Consequently useful UV PFAS  

degradation processes should be based on other reactive radical species besides the hy-

droxyl radical, like for example in the system UV/persulfate anion (S2O82-). Here, the fol-

lowing chain mechanism is obtained upon activation (heat, UV, iron, etc.), that generates 

the highly reactive sulfate radical (SO4*-) [13,43]: 

 

S2O82- + h → 2 SO4*-          (32)  

H2O + SO4*- → HSO4- + *OH         (33)  

S2O82- + SO4*- → S2O8*- + SO42-        (34)  
*OH + S2O82- → S2O8*- + OH-         (35)  
*OH + *OH → H2O2          (36)  

SO4*- + *OH → HSO5-          (37)  

SO4*- + SO4*- → S2O82-          (38) 

 

The sulfate radical has a higher oxidation potential (2.5  3.1 V) and a long lifetime 

than the hydroxyl radical [13], and demonstrated to be effective in the PFOS and PFOA 

degradation [57-61]. Indeed, the activation of persulfate by UV-visible light from a xen-

on-mercury lamp (200 W – 220 to 460 nm) in an acid solution (pH = 3.0 – 3.1) containing 

PFOA (1.35 mM) resulted in its complete degradation in 4 hours, and its transformation 

into fluoride, CO2 and short-chained PFCA [57]. The activation of persulfate using hot 

water (60 to 80 ºC) successfully degraded hydroperfluorocarboxylic acids (H-PFCAs) 

(371–392 microM), achieving 96.7 to 98.2% mineralization after 6h [58]. A similar tem-

perature (85 ºC) activated persulfate procedure was used with PFOA (200 nanog/L) and, 

after 30 hours, a 93.5% degradation with 43.6% of F-􏰃 yield was observed, together with 

the detection of shorter chain length compounds (C6F13COOH, C5F11COOH, C4F9COOH 

and C3F7COOH) [59] – this study also showed that lowering the pH and the temperature 

reduces the degradation efficiency. Several activators for persulfate were compared for 

the degradation of PFOS (0,186 mM) and the following order were observed: hydro-

thermal (22,52% defluorination efficiency, 12 hours) > UV (254 nm) > Fe2+ > ultrasound 

[60]. Figures 2 and 3 shows a hypothesis for the mineralization mechanism of PFOS [13]. 

 

 
Figure 3 – Proposed mechanisms for the conversion of PFOS to PFOA in the per- sul-

fate-based system. Adapted with permission from reference [13]. Copyright {2020} Else-

vier B.V. 
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Figure 4 - Proposed pathway for PFOA decomposition in the persulfate-based system. 

Adapted with permission from reference [13]. Copyright {2020} Elsevier B.V. 

 

 

 

2.2.3. Heterogeneous photocatalysis  

Using titanium dioxide (TiO2) as a typical heterogeneous photocatalyst and semi-

conductor, an AOP based on heterogeneous photocatalysis exposed to ultraviolet and/or 

visible light has the following mechanism of reactive substances production [43]: 

 

TiO2 + h → TiO2 (eCB- + hVB+)        (39) 

TiO2(hVB+) + H2O → TiO2 + H+ + *OH       (40)  

TiO2(hVB+) + OH- → TiO2 + *OH        (41)  

TiO2(eCB-) + O2 → TiO2 + O2*-         (42) 

 

After TiO2 absorption, an electron (eCB-) in the valence band is transferred to the 

conduction band, leaving a hole in the valence band (hVB+). A typical example of the ap-

plication of TiO2 for PFAS treatment was when an iron halogenide UV lamp (500 W, 95 

W/m2, 315-400 nm) irradiated a suspension of a commercial TiO2 sample, at a concentra-

tion of 0.66 g/L, and it degraded 4 mM PFOA following a pseudo-first order kinetics in 

the first 4 hours, with an apparent rate constant of 0.1296 h−1 [62]. This study also detected 

shorter perfluorinated carboxylic acids, CnF2n+1COOH (n=1–6) as intermediates and fluo-

ride anion, which reacted with the surface of the photocatalyst and affected its efficiency.  

Doping TiO2 with metal ions improve the photocatalytic efficiency of the semicon-

ductor by producing traps in the molecular orbitals that capture the electrons and holes, 

reducing the electron-hole recombination, making them more available to react with or-

ganic molecules leading to their degradation [63]. Copper-doped TiO2 upon exposition to 

UV light (245 nm, 200 W) catalyzed the decomposition of PFOA after 12 hours with an 

apparent rate constant of 0.186 h−1 and a defluorination rate constant of 0.462 mg/L h−1 

[63]. The decomposition of the PFOA into fluoride ions and shorter PFCA, such as 

C6F13COOH, C5F11COOH, C4F9COOH, C3F7COOH, C2F5COOH and CF3COOH, was ob-

served. 

A material produced from low cost commercial activated carbon and TiO2 was 

prepared, named Fe/TNTs@AC, having both synergistic adsorption and photocatalytic 

capabilities [64]. This material (in a concentration of 4 g/L), upon exposition for 4 h under 

UV irradiation (254 nm, 21 mW cm–2), was able to degrade more than 90% of PFOA with 
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a 62% mineralization to fluoride ions in the pH range between 4 and 8. Using selective 

scavengers it was concluded that the hole hVB+ is the important player in the PFOA deg-

radation - *OH and O2*- did not have a particularly active role [64].  

New material semiconductors, with improved photocatalytic efficiencies, particu-

larly in the visible wavelength range, have been prepared based on bismuth [17,65,66]. 

Based on the so called “concentrate and destroy” strategy, a bismuth phosphate was 

coupled to carbon spheres (CS) resulting in the composite BiOHP/CS [17]. This composite 

(1 g/L) was able to quantitatively adsorb PFOA (initial concentration of 200 microg/L at 

pH=7) in 2 hours, and achieve its almost complete decomposition in 4 hours when irra-

diated by a UV light (18 W low-pressure Hg lamp, 254 nm, 21 mW/cm2).  

Bismuth oxohalides (BiOX, X – F, Cl, Br and I) are typical photocatalysts, and the 

BiOI has a narrow bandgap (e.g. 1.7–1.9 eV) which allows its used in the visible wave-

length range, and several composites with it have been proposed for the treatment of 

PFAS in water [65,66]. The photocatalyst BiOI@Bi5O7I (0.5 g/L) degrades PFOA (15 mg/L) 

under simulated solar light with a rate constant of 0.247 h-1 (removes about 60% of the 

organic carbon on 6 hours of irradiation) [65]. The role in the PFOA decomposition of the 

reactive species *OH, O2*- and hVB+ were assessed using selective scavengers, and all the 

species were active in that mechanism. This study also showed that PFOA was decom-

posed by stepwise losing CF2 units (Figure 5). Bi5O7I/ZnO microspheres were used in 

PFOA degradation analysis when irradiated with simulated visible light (400 W Xe lamp 

with a 420 nm cutoff filter), and a degradation rate constant of 0.013 h−1 was obtained [66]. 

This work demonstrated that the degradation of the PFOA begun by the most reactive 

carboxylic acid group of PFOA, which was vulnerable to attack by the hVB+, followed by 

the successive elimination of CF2 units. 

 

 
 

 

Figure 5 - Proposed photocatalytic mechanism of PFOA in BiOI@Bi5O7I p-n heterojunc-

tion photocatalytic system. Adapted with permission from reference [65]. Copyright 

{2019} Elsevier B.V. 

 

Taking into consideration that the potential quantity of water to be treated for PFAS 

is enormous, photocatalyst design must take into consideration environmental and so-

cial/economical sustainability issues. A low cost and sustainable zero-valence iron 

(PVP/Fe0) was used as photocatalyst for the degradation under UV radiation (14 UVC 

light bulbs, 8 W each, centered at 254 nm, 4.24 mW/cm2) of a mixture of PFOA, PFOS and 

perfluorononanoic acid (PFNA) in real wastewater from WWTP [18]. The degradation 

percentages were (0.5 microg/L of each PFAS at pH=3) 90, 88 and 43% for PFAN, PFOS 

and PFOA, respectively.  
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3. Nanomaterials based AOP and ARP 

The incorporation of nanomaterials in nearly all the AOP has already been done 

with promising results [67]. Due to its high SSA and specific designed surface, nano-

materials act as AOP catalysts, resulting in an increased production of reactive species 

under mild experimental conditions, improving degradation yields for lower contact 

times. Typical examples of these catalysts are those used in heterogeneous Fenton-like 

processes for the production of hydroxyl radical from hydrogen peroxide (Figure 6) us-

ing, mainly, iron-based nanomaterials [67].  

 

 
 

Figure 6 - Schematic representation of the action of Fenton-like nanomaterials in the 

degradation of organics. Fe2+/Fe3+ redox couple generates the reactive free radicals in-

volved in the degradation of toxic pollutants. Adapted with permission from reference 

[67]. Copyright {2021} Elsevier B.V. 

 

 

Although with some identified limitations as previously discussed, ARP and AOP 

show great potential for the treatment of water, either for human consumption and 

wastewater, contaminated with PFAS . However, the performance and the sustainability 

of those processes must be improved, because fast and high degradation yields processes 

must be developed, taking into consideration sustainability issues like raw materials ex-

traction and environmental impacts. Taking into consideration the increased reactivity, 

markedly lower mass content and large SSA, nanomaterials can definitely contribute to 

this optimization evolution of the PFAS treatment classical technologies.  

3.1. Previous reviews 

Three previous reviews have been published about the use of nanomaterials in 

PFAS treatment technologies, and have discussed publications until the year 2021 

[19,21,22]. The general analysis of these reviews shows that nanomaterials have been 

proposed with two main functions in the treatment technologies, general adsorption 

(removal of PFAS from the water and its concentration in the nanomaterial) and hetero-

geneous photocatalysis degradation of PFAS AOP.  

The majority of the proposed nanomaterials used for adsorption water treatment 

technologies use carbon nanotubes (CNT) [68]. The use of carbon-based nanomaterials 

results from good performance of the well known granular activated charcoal (GAC), 

which implementation is widespread for the adsorption of micropollutants, including 

PFAS, in classical water treatment technologies [69]. Also, CNT are being proposed as 

highly promising materials for water treatment technologies [68], but its toxicity and 

potential heath risks may compromise that application [70], and it is mandatory the re-
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search on alternatives. A carbon-based nanomaterial, with much better sustainability 

characteristics than CNT, are carbon dots [71,72].  

Metal oxides nanoparticles are also used as nanoadsorbent platforms for PFAS be-

cause they have high SSA and many surface functional groups [22]. Because PFAS solu-

ble in water have a negative charge, the adsorption is maximized when the pH is lower 

than the point of zero-charge (PZC) of the oxide, namely: Al2O3, 7.3; Fe2O3, 7.6; and TiO2, 

5.4 [73]. Besides the pH, the SSA and the surface hydroxyl density (SHD) are critical fac-

tors in the PFAS adsorption efficiency of the metal oxides, and the SSA (m2/g) and SHD 

(micromol/m2) are, respectively: Al2O3, 198 and 31.2; Fe2O3, 41.7 and 21.0; TiO2, 64.1 and 

35.5; and, SiO2, 278 and 18.3 [73]. Also, the formation of inner-sphere complexes at the 

surface of the metal ions by of metal cations increases the adsorption capacity [22,73]. 

Other experimental factors contribute to the adsorption inhibition, namely the presence 

of negatively charged polymers, like dissolved organic matter, that will compete with 

PFAS for the adsorption sites, and the agglomeration of the adsorbent nanoparticles. 

Nano alumina, hematite and goethite showed better adsorption characteristics.   

Semiconductor nanometal oxides, like TiO2 (band gap - 3.0–3.2 eV, ~400 nm), In2O3 

(band gap - ~2.9 eV, ~428 nm) and Ga2O3 (band gap – 4.8 eV, 258 nm) have being pro-

posed as photocatalysts in UV AOP [19,21]. Indeed, some of these nanomaterials corre-

spond to the size reduction towards the nanometer dimensions of some of the bulk 

photocatalysts that have been used in classical UV AOP, and previous discussed in sec-

tion 2.2.3. Among the semiconductor nanometal oxides, In2O3 photocatalysts were shown 

to have the highest potential for PFAS degradation due to its SSA and the type and 

amounts of reactive species that are generated upon UV irradiation [19]. Photocatalytic 

degradation efficiencies can be improved by doping metal oxides with CeO2 and noble 

metals (Ag, Pt, Pd) [22].  

However, due to the costs and limited environmental resources, the use in large 

scale plants of the metals described in the previous paragraph, raises severe sustainabil-

ity concerns. As an alternative, cheaper and more abundant metals are being used for 

PFAS degradation, like for example Zn (mainly as ZnO), Fe (mainly as Fe0) and Mn 

(mainly as Mn2O3) [22]. Significant PFAS degradation is observed when these nanomet-

als/nanometal oxides are coupled with UV/ozone or hydrogen peroxide, either under UV 

or visible radiation [22]. 

The most important characteristic of nanomaterials that makes them suitable to be 

coupled to ARP/AOP is their versatility. They can be designed to have a particular func-

tionality, or several functionalities, with residual mass of resources, when compared with 

bulk materials. Moreover, taking into consideration their extraordinary high SSA, it re-

sults into higher reactivity.  

Although the research in nanomaterials applications in the treatment of PFAS in 

water was oriented independently into two main lines, adsorption and degradation, the 

next step is the combination of these two functionalities in only one nanoparticle. Indeed, 

the strategy of “concentrate and destroy”, discussed above in section 2.2.3, is the next 

step behind nanomaterials design for ARP/AOP for PFAS treatment.  

 

 

 

 

 

3.2. Advances in concentration strategies of PFAS 

Environmental sustainability concerns were translated into the proposal of tech-

nologies based on biological systems and nanomaterials [73-75]. A Renewable Artificial 

Plant for in-situ Microbial Environmental Remediation (RAPIMER) was developed from 

chemical modified lignocellulosic biomass (Figure 7) [73]. RAPIMER is a nanomaterial, 

based on cellulose and lignin, that enables an efficient PFAS adsorption, provides a 
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support for fungus and bacteria that will decompose PFAS, and support the expression 

of redox enzymes to degrade PFAS. RAPIMER has finer nanometric (2.35 nm) fiber 

structure, which results in a high SSA, and the negatively charged cellulose nanofibrils 

(hydrophilic) and the positively charged lignin (hydrophobic) generated a 3D am-

phiphilic environment, allowing PFAS strong adsorption due to charge attraction and 

hydrophobic interaction. RAPIMER has a PZC of 8.22 and adsorption decreases for pH 

below than 8. Low concentrations of PFOA and PFOS (1 microg/L) in complex solutions 

were removed by RAPIMER at efficiencies of 99% or higher. The adsorbed PFAS inside 

RAPIMER were subjected to bioremediation.  

PFAS suffer bioremediation in anaerobic reactor where carbon materials, including 

CNT, were supplemented as electron drivers [74]. Biological methods for PFAS envi-

ronmental removal are being investigated [75], and are characterized for being 

cost-effective, eco-friendly and with simple operation. Nanomaterials (nanobiochar, 

CNT, nanometal oxides) are being included in biological technologies as adsorbent na-

noplatforms. 

 

 
 

Figure 7 - The design strategy, fabrication process, chemical adsorption, and fungus 

degradation scheme of the RAPIMER system. a) Corn stover residual lignin solution and 

selective graft reaction using formaldehyde and polyethylenimine to produce positively 

charged modified lignin particles. b) Corn stover derived cellulose nanofibrils prepared 

by TEMPO-oxidation method and modified lignin chemical structure. c) The modified 

lignin and nanocellulose nanofibrils formed RAPIMER composite through self-assembly 

by the formation of carboxylic acid/amine interaction. d) PFAS adsorption by the RAP-

IMER composite. e Fungal bioremediation through co-metabolism and biodegradation of 

PFAS and RAPIMER system. Adapted from reference [73].  

 

Foam fractionation technologies (FFT) are being proposed as pre-treatment of water 

to remove soluble PFAS, and for producing low-volume high concentrated solutions for 

subsequent destruction [76-78]. Long-chain PFAS are usually removed with high effi-

ciencies (>90%), while short-chain PFAS are removed with low efficiencies (<30%) [76]. 

Although nanomaterials have not been included in the FFM formulations for PFAS con-

centration, these technologies are also used for nanomaterials (silica nanoparticles and 

CNT) removal from wastewater [79]. Taking into consideration the active role of nano-

material in the adsorption/degradation of PFAS based in several AOP, the coupling of 

FFT for PFAS treatment with designed nanomaterials is an open window of research.  
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CNT, both single-walled (SWCNT) and multi-walled (MWCNT), continue to be 

proposed as adsorbent platforms for PFAS, but SWCNT show better adsorption perfor-

mances due to the lower SSA of MWCNT [80]. Also, the modification of CNT with 

nano-MgAl2O4 has been proposed as an improved adsorbent for PFAS (100 ppb) allow-

ing 99% removal after 3 hours and 100% in 3.5 hours [81]. The size of the nanocomposite 

MgAl2O4@CNT was 80 to 120 nm, with a SSA of 149.41 m3/g, a pore volume of 0.27 cm3/g 

and a pore size of 9.69 nm. The nanocomposite adsorbs PFAS by hydrophobic and elec-

trostatic interactions and can be used at mild alkaline solutions.  

Metal-organic frameworks (MOF), which are innovative nanopores ordered materi-

als with high SSA and pore volumes, have shown an increased application for PFAS 

adsorption in the last years [80,82,83].  

 

 

 

 

Figure 8. Plausible reaction mechanisms of (a) Chain-Shortening and (b) H/F Exchange in the 

degradation of PFOA in the MIL-125-NH2 MOF system. Adapted with permission from reference 

[83]. Copyright {2022} American Chemical Society. 

 

 

3.3. Advances in PFAS treatment technologies 

Besides the potential as adsorptive material for PFAS, MOF, and particularly the ti-

tanium based MIL-125-NH2, was used as a photocatalyst for degradation of PFOA under 

a 450 W mercury lamp [83]. After 24 hours irradiation, 98.9% degradation and 66.7% 

defluorination rate of PFOA were obtained. Glucose, that is a critical factor for the deg-

radation, was used as non-hazardous sacrificial reductant, where it acts as a hVB+ scav-

enger. The degradation mechanism involves eaq− and oxidizing reactive species (Figure 8). 
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2D nanomaterials, Pt/La2Ti2O7 nanoplates and BiOF nanosheets, were prepared to be 

used as photocatalyst of PFOA degradation [84,85]. La2Ti2O7 has a layered perovskite 

structure and is known to decompose water into hydrogen and oxygen by photocatalytic 

reduction under UV irradiation [84]. Pt was dispersed on the photocatalyst to improve 

catalytic activity. Irradiating a PFOA water solution without oxygen (bubbling nitrogen) 

using an UV light (254 nm, 1 mW cm-2), in the presence of Pt/La2Ti2O7 and methanol, as 

an electron donor, it was observed a 40% degradation after 180 minutes and 50% degra-

dation after 12 hours. BiOF nanosheets photocatalyst were prepared with different 

amounts of ethylene glycol taking into consideration that surface defects and/or exposed 

reactive facets should improve the photocatalytic performance [85]. The sample 50%-EG 

BiOF, under UV light, catalyzes the almost complete removal of PFOA and 56.8% re-

moval of TOC.  

One dimensional titanate nanotubes (TNT) are TiO2 derivatives that have an uni-

form crystalline and scrolled tubular structure [TiO6], large SSA and high pore volume, 

good ion-exchange ability, high photoelectric conversion properties and, some deriva-

tives, have high visible light response [86]. Figure 9 shows a scheme of the formation of 

TNT. Upon solar irradiation of TNT, a similar mechanism of reactive substances pro-

duction to TiO2 irradiated with UV, eq. (39) to (42), is observed. However, raw TNT, 

cannot be used for PFAS adsorption (and eventually destruction) because the negative 

and hydrophilic surface of TNT repel the negative water soluble PFAS. This limitation 

was overcome by doping TNT with photoactive metal oxides and by using activated 

charcoal (AC) as supports (Metal/TNT@AC) [64,87-89]. These modifications allowed the 

development of PFAS “concentrate and destroy” technologies [64,87-89].  

 

 

Figure 9. (a) Crystalline structures of TiO2 (red balls: O, dusty blue balls: Ti); (b) TEM morphologies 

of the original anatase and intermediate materials with different hydrothermal reaction times of 

1−12 h, and schematic diagram of TNTs formation; (c) crystalline structures of typical TNTs (purple 

balls: O; blue balls: Na; orange balls: H; green balls: K). Adapted with permission from reference 

[86]. Copyright {2022} American Chemical Society. 

Ga/TNT@AC [87,88] and Bi/TNT@AC [89] were prepared and used for adsorption 

and destruction of PFAS. The UV irradiation (210 W/m2) of Ga/TNT@AC (0,12 g) allowed 

75% degradation and 66.2% mineralization of PFOS (100 microg/L, pH=7) within 4 hours 

[87,88]. The photoactivity of Ga/TNT@AC was attributed to oxygen vacancies which 

suppresses recombination and facilitates superoxide radical. Both, the hole hVB+ and O2*-, 

played an important role in the PFOS degradation. The UV irradiation (210 W/m2) of 

Bi/TNT@AC (1 g/L) allowed 70% degradation and 42.7% mineralization of GenX (100 

microg/L, pH=7) within 4 hours [89] – GenX is the ammonium salt of hexafluoropropyl-

ene oxide dimer acid, and has been used as a PFOA replacement. The photoactivity of 

Bi/TNT@AC was attributed to hydroxyl radical and the hole hVB+. 
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Iron-based nanocomposites were proposed as adsorbents/catalysts for PFAS re-

moval and degradation [18,20,90]. The removal of PFAS in wastewater effluents was 

successful using zero valence iron nanoparticles coupled to UV light [18]. The degrada-

tion of PFAS in wastewater effluents were lower than in deionized water and the deg-

radation was higher at acid pH values (pH=3) – after 2 hours, degradation rates of 90%, 

88% and 46% were obtained for PFNA, PFOS and PFOA. Ferric hydroxide nanoparticles 

were synthesized in situ using ozone and the nanoparticles used for PFAS removal [20]. 

Although no PFAS destruction analysis was done, the adsorbent capacity of these na-

noparticles was higher than conventional adsorbents which, taking into consideration 

iron reactivity, have potential for the development of a “concentrate and destroy” pro-

cess. An iron-clay(montmorillonite)-cyclodextrin(−CD)-DFB (decafluorobiphenyl) was 

synthesized, and the iron-clay segment has a heterogeneous Fenton catalyst function, 

while the CD-DFB was used as a surface-confinement for PFAS molecules [90]. This 

composite adsorb >90% and oxidize >70% long-chain PFAS and showed worse perfor-

mance for short-chain PFAS. In the case of PFOA and PFOS, a 65% degradation was ob-

served within 10 minutes.  

New applications of TiO2 in novel photocatalysts are being investigated, like the 

composite resulting from the calcination of boron nitrite (BN) with TiO2, BN/TiO2 [91]. 

The BN/TiO2 composite is more photoactive than the two precursors under UV light for 

PFOA, degrading 15 times faster than TiO2, with the active reactive species being pho-

togenerated holes. Also, the lifetime of PFOA in outdoor experiments under natural 

sunlight, and in deionized water, was of 1.7 hours.  

An UV-Fenton reaction catalyzed by Fe3O4 nanoparticles was proposed for PFAS 

destruction [92]. Fenton AOP involves the oxidation of a ferrous ion (Fe2+) by hydrogen 

peroxide in the presence of UV radiation to promote the formation of reactive oxygen 

species, *OH and HO2* radicals [91]: 

 

Fe2+ + H2O2 → Fe3+ + *OH + OH-       (43) 

Fe3+ + H2O2 → Fe2+ + HO2* + H+       (44) 

2H2O2 → *OH + HO2* + H2O        (45)  

 

The UV Fenton system used six 15 W UV-C bulbs (wavelength 254 nm, 120 J cm−2), 

nano-magnetite (20–30 nm) and different pH values and hydrogen peroxide concentra-

tions [92]. The samples were irradiated from 5 minutes to one-hour periods and left re-

acting for 24 hours before analysis - Figure 9 resumes the observed degradation efficien-

cies of the tested PFAS under this system. About 90% degradation rates were observed, 

with the exception for the short-chain PFAS where much lower degradation percentages 

occur. Both, nano-magnetite and H2O2, contribute to the PFAS destruction, suggesting 

that ROS and the adsorption of PFAS in the surface of magnetite contribute to their de-

struction mechanism.  
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Figure 10. Percent destruction of 18 PFAS species at (A) pH 7 and (B) pH 9 and two concentrations 

of H2O2. All samples were prepared with 1000 ppm Fe3O4 and underwent 30 minutes of UV-C ex-

posure. Instrumental analysis measurement uncertainty for detected concentration (in units of ppt) 

are as follows: PFBS – 23.2%; HFPODA* – 28.3%; PFHxA – 21.8%; PFHxS – 21.6%; PFHpA – 23.2%; 

DONA* – 22.9%; PFOA – 22.5%; PFFOS – 25.2%; 9Cl-PF3ONS – 22.3%; PFNA – 21.5%; PFDA – 

23.2%; 11Cl-PF3OUdS* – 25.9%; PFUnDA – 22.8%; NMeFOSAA – 27.1%; PFDoDA – 24.4%; NEt-

FOSAA* – 25.8%; PFTrDA – 26.5%; PFTeDA – 21.6%. *These PFAS species are branched, which 

may impact their reactivity when compared with the linear compounds. Adapted with permission 

from reference [91]. Copyright {2022} The Royal Society of Chemistry. 

 

4. Perspectives 

This review showed that classical advanced oxidation and/or reduction processes 

for water treatment can be used for the degradation of PFAS. Moreover, it was discussed 

the advantages of coupling those processes with specific designed nanomaterials fol-

lowing the “concentrate and destroy” strategy. However, research on the coupling of 

nanomaterials and AOP/ARP is still highly insufficient, because results are only available 

for heterogeneous catalysts AOP.  

Indeed, the next designed strategy for the PFAS nanomaterials/AOP for water 

treatment must be a “super-concentration/high-yield-destruction/sustainable” approach. 

This can be achieved using porous carbon based nanomaterials, synthesized from bio-

genic waste, as the basis for a nanocomposite containing active dopants that will catalyze 

reactive molecular species overproduction in an ARP/AOP.  

The research on new advanced processes technologies will open new treatment 

windows for PFAS in water and for the development of new nanomaterials. For example, 

recently [93], it was observed that the chlorine radicals (Cl* and Cl2*-) play an important 

role in the degradation of PFOA. Chlorine radicals are generated by UV/Chlorine tech-
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nologies. Also, it was discovered that PFCA can be mineralized under low temperature 

conditions in the presence of hydroxide anion [94]. Indeed, the decarboxylation of PFCA 

occur in polar non-protic solvent, when the hydroxide anion is present, resulting in the 

production of a carbanion that undergoes decomposition. Nanoparticle design for 

non-aqueous solvents is still a challenge, but encouraging perspectives are open with this 

last discover.  
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Martínez, S.A.; Parra-Arroyo, L.; Melchor-Martínez, E.M.; Sosa-Hernández, J.E.; Coronado-Apodaca, K.G.; Varjani, S.; Barceló, 
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