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Abstract: In recent years, an increasing amount of short-chain perfluoroalkyl substance (PFAS)
alternatives has been used in industrial and commercial products. However, short-chain PFASs
remain persistent, potentially toxic, and extremely mobile, posing potential threats to human health
because of their widespread pollution and accumulation in the water cycle. This study systematically
summarized the removal effect, operation conditions, treating time, and removal mechanism of
various low carbon treatment techniques for short-chain PFASs, involving adsorption, advanced oxi-
dation, and other practices. By the comparison of applicability, pros, and cons, as well as bottlenecks
and development trends, the most widely used and effective method was adsorption, which could
eliminate short-chain PFASs with a broad range of concentrations and meet the low-carbon policy,
although the adsorbent regeneration was undesirable. In addition, advanced oxidation techniques
could degrade short-chain PFASs with low energy consumption but unsatisfied mineralization rates.
Therefore, combined with the actual situation, it is urgent to enhance and upgrade the water treatment
techniques to improve the treatment efficiency of short-chain PFASs, for providing a scientific basis
for the effective treatment of PFASs pollution in water bodies globally.
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1. Introduction

Since the 1950s, perfluoroalkyl substances (PFASs) have been widely used in indus-
trial production and commercial products, involving chrome plating, foam extinguishing
agents, aviation hydraulic oil, and food packaging paper [1,2]. They are a class of man-
made chemicals with all the hydrogen atoms on the carbon skeleton replaced by fluorine
atoms, together with a terminal functional group [3]. Abbreviations for different PFASs are
shown in Table 1. Due to the strong energy of the C-F bond (536 kJ /mol), PFASs possess
exclusive physio-chemical characteristics, including environmental persistence, extraor-
dinary resistance to both environmental and biological degradation, high thermal and
chemical stability against oxidation, photolysis, and hydrolysis reactions, hydrophobicity
and oleophobicity, as well as multiple toxicities [4]. Moreover, many PFAS (precursors)
can easily degrade into persistent PFAS (acids). Therefore, long-chain PFASs (C8-C14) and
their sodium, as well as ammonium, salts were added into the candidate list of regulatory
substances in the EU, and PFOA and PFOS were added in the Stockholm Convention
on Persistent Organic Pollutants (POPs) list [5]. With the ban of long-chain PFASs, short-
chain PFASs (PFCAs < C8, PFSAs < C7) have been produced and used as substitutes in
large quantities.

With the improvement of modern analytical techniques such as high-resolution mass
spectrometry in non-target and suspect screening approaches in recent years, the researchers
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found that long-chain PFASs tended to be adsorbed by solid matter (soil, sediment, etc.),
which made them less mobile. However, short-chain PFASs showed a high polarity and
solubility, which rendered them difficult to be removed through environmental adsorp-
tion and water treatment processes, thus contributing to long-term mobility in the water
cycle through migration of surface water, groundwater, and natural and urban water
systems [6-9]. However, short-chain PFASs show similar properties with long-chain con-
geners, including being persistent, bioaccumulative, and toxic to a certain extent [10].
Therefore, short-chain PFASs could be classified as persistent and mobile organic com-
pounds (PMOCs) [6].

Table 1. Abbreviation for different PFASs.

Abbreviation
TFA Trifluoroacetic acid GenX 2,3,3,3—Tetraﬂuoro—2—(1,1,2,2,;%,3,3'—
heptafluoropropoxy) propanoic acid

PFSAs Perfluoroalkane sulfonates PFCAs Perfluoroalkyl carboxylic acids

PFBS Perfluorobutane sulfonic acid PFBA Perfluorobutanoic acid
PFPrA Pentafluoropropionic acid PFPeA Perfluoropentanoic acid
PFHXS Perfluorohexane sulfonic acid PFHxA Perfluorohexanoic acid

PFOS Perfluorooctane sulfonic acid PFOA Perfluorooctanoic acid
PFHpA Perfluoroheptanoic acid PFNA Perfluorononanoic acid
PFDA Perfluorodecanoic acid PFDoA Perfluorododecanoic acid

Large quantity usage of short-chain PFASs could lead to accumulation in the water
cycle and water pollution, thereafter threatening drinking water quality. For instance,
the concentrations of PFBS and PFBA in Tangxun Lake of Wuhan in China reach up to
3.66 ug/L and 4.77 ug/L, respectively [11]. There was a serious PFBS contamination
in groundwater around fluorochemical plants in Fuxin in China, with a concentration
up to 31 pug/L [12], exceeding 10 times the health risk limits (HRLs) in drinking water
(3 ng/L) issued by the Minnesota Department of Health (MDH). Thus, it is an urgent
incident to effectively develop suitable water treatment techniques to regulate short-chain
PFAS contaminations in waters.

At present, activated carbon (AC) adsorption and ozonation are the commonly applied
techniques for organic contaminant elimination in drinking water treatment. However,
AC presented low efficiency for very polar compounds [6]. Meanwhile, ozonation gen-
erally exhibited poor reactive activity to polar compounds containing acidic functional
groups [13], which might be a source of smaller and more polar by-products than the
parent compounds [14]. Consequently, the removal efficiency of conventional treatment
for short-chain PFASs was undesirable. Moreover, various techniques presented different
removal efficiencies for short-chain PFASs, even requiring high energy consumption, strict
operating conditions, and releasing a large number of by-pollutants [15].

Recently, the C40 Cities Network of 91 large cities committed to low carbon infras-
tructure to ensure carbon emissions peak by 2020 and almost halve by 2030 [16-18]. In
2020, China announced that it would take more aggressive policy measures to achieve peak
carbon dioxide emissions by 2030 and achieve carbon neutrality by 2060 [19]. Specifically,
the regulation instruments include applying forced power to administer high energy con-
sumption and emission of pollutants [20,21]. Therefore, it is significant to explore effective
low carbon treatment techniques to eliminate short-chain PFAS contaminations under
convenient conditions.

This review aims to select suitable treatment techniques for short-chain PFASs. To
achieve this aim, the low carbon treatment techniques for PFASs involving adsorption,
electrochemical oxidation, photocatalytic oxidation, membrane separation, pyrolysis, and
ultrasonic chemical degradation, and their individual removal efficiency, operating condi-
tions, and removal mechanisms were systematically summarized. Thereafter, based upon
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the characteristics of short-chain PFASs, the suitable treatment techniques were determined
by the comparison of the applicability, as well as the pros and cons of various techniques.
This will provide a scientific basis for the effective treatment and regulation of short-chain
PFAS contaminations in different waters.

2. Methodology of Literature Sources

To obtain an overview of short-chain PFAS chemical usage, the present review initially
focused on the risk profiles and risk management assessments. Reports that addressed
fluorosurfactants and fluoropolymers were also involved. Literature related to certain
use categories was retrieved for more information either on the substances used, or to
understand why PFAS are, or were, necessary for a given use.

In addition, databases, patents, information from PFAS manufacturers, and scientific
studies were examined via “Web of Science”, “PubMed”, and “CNKI”. The retrieved
keywords involved but were not limited to “per- and polyfluoroalkyl substances”, “PFAS”,

i

“PFAAs”, “short-chain PFAS”, “water treatment”, “adsorption”, “anion-exchange”, “ad-
vanced oxidation”, “persistent organic pollutant”, “emerging contaminant”, “low carbon”.
The searches were not exhaustive in any of the sources described, and there are still many
more reports, scientific studies, patents, safety data sheets, and databases with information

on the usage of PFASs than the ones cited here [22].

3. Treatment Techniques for Short-Chain PFASs
3.1. Adsorption Technique

Low carbon technique of adsorption could remove contaminations effectively in the
waters, which were widely applied in the treatment of PFASs. This technique uses a porous
solid as the adsorbent to adsorb one or several contaminations in the wastewater (WW)
that does not change physicochemical property, thus achieving the purification purpose [4].
The commonly used adsorption materials mainly include carbons, anion-exchange resins,
flocculants, etc. The key influencing factors of adsorption efficiency involved ionic strength,
pH, organic matter (OM) concentration, physicochemical properties of PFASs in solution,
and adsorbent characteristics (such as particle size, porosity rate, and functional group on
surface). Comparisons on the adsorption capacities of different adsorbents for short-chain
PFASs are shown in Table 2.

3.1.1. Adsorption by Carbon-Based Adsorbents

AC adsorption. AC is widely used to remove contaminants in wastewater due to low
cost, high efficiency, and convenient operation [4]. Ochoa-Herrera et al. adopted granular
activated carbon (GAC) to adsorb PFBS, with an adsorption capacity of 98.7 mg/g [23].
Hansen et al. used GAC and powdered activated carbon (PAC) to carry out batch adsorp-
tion experiments for short-chain PFASs; PAC achieved higher removal rates within 10 min
(20-40% for GAC, 60-90% for PAC) due to shorter internal diffusion distance and higher
BET surface area (Sppr) of PAC [24]. This phenomenon demonstrated that the particle size
of AC was a significant factor affecting the removal efficiency of short-chain PFASs, and
smaller particle sizes presented superior removal efficiency. The effect of pore size on the
removal efficiency of bamboo-derived AC (BAAC) and coal-based AC (microporous type)
for PFHxA were investigated, revealing that the BAAC adsorption capacity was 13-fold
lower than microporous ACs [25,26]. In addition, the GAC was explored to eliminate differ-
ent carbon chain length PFASs [27], the removal efficiency of short-chain PFCAs was lower
than congeners PFSAs, in which the removal rates of PFBA, PFPeA, PFHxA, and PFHpA
were all below 19%, especially 10% for PFBS. Furthermore, the regeneration capacity of
adsorbed AC was also inferior when eluting. Therefore, it is necessary to explore new
catalysts to modify AC for promoting adsorption and regeneration capacity [1].

Biocarbon adsorption. Biocarbon is a pollution-free solid biofuel produced by pyrol-
ysis of biomass under aerobic or anaerobic conditions, which contains abundant voids,
high carbon content, and high calorific value. The nature of biocarbon is different due to
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various raw materials and parameters in the production process [28]. Inyang and Dick-
enson [29] explored the adsorption capacity of hardwood biochar (HWC) and pinewood
biochar (PWC) for PFBA and PFOA, demonstrating that the PFBA adsorption capacity
was 3—4 times lower than PFOA. Meanwhile, the removal efficiency of HWC vaporized
at 900 °C could be improved due to high Sggr. However, the batch adsorption kinetics
experiments showed that the removal efficiency of GAC for PFBA was superior to HWC,
indicating a low adsorption capacity of biocarbon for short-chain PFASs.

Carbon nanotube (CNTs) adsorption. CNTs have the advantages of easy reaction
process control, convenient operation, and low cost of raw material. Deng et al. [30] used
single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT)
to remove short-chain PFASs (PFBA, PFHxA, PFHpA, PFBA, and PFBS) and long-chain
PFASs (PFOA, PFHXS, and PFOS) under neutral conditions. It showed that 95% of PFOS
and PFOA were removed by SWCNT within 5 h, but only 7.5% of PFBA was eliminated by
SWCNT within 48 h, and PFSAs were more easily adsorbed than PFCAs. Moreover, in the
comparison study of MWCNT functional groups, owing to the deprotonation that occurred
on the carboxyl and hydroxyl functional groups, contributing to lower hydrophobicity and
more negative surface potential, the adsorption efficiency of non-functional MWCNT for
short-chain PFASs was improved. Therefore, based upon the above studies, the adsorption
efficiency and technical maturity of CNTs were similar to ACs.

The main adsorption mechanism of carbon materials was hydrophobic and electro-
static effects, as well as possible hydrogen bonds and covalent bonds effects [4]. The
hydrophobic effect would be improved with an increased C-F chain length; thus, long-
chain PFASs were better adsorbed than short-chain congeners. Meanwhile, the removal
efficiency of adsorbents for PFASs was also depended on the terminal functional groups;
for instance, the removal efficiency of PFSAs was better than PFCAs. In addition, the
electrostatic attraction could occur between the anionic PFASs and positive charge ad-
sorbents. Therefore, the changes of ionic strength involving cations or anions and pH in
the solution would influence the adsorption efficiency. For example, the increase of ionic
strength caused by monovalent or divalent cations (Na*, K*, Ca?*, etc.) might enhance
PFAS removal efficiency, while the pH increase would reduce the adsorption capacity of
most adsorbents [31,32]. However, the electrostatic repulsion between anionic PFASs and
a negatively charged adsorbent could be overcome by the hydrophobic effect of the C-F
chain [33]. Therefore, the removal of short-chain PFASs was mainly dependent on the elec-
trostatic effect, while long-chain PFASs mainly tended to hydrophobic effects. Adsorption
mechanisms of carbon-based adsorbents for PEASs removal are shown in Figure 1.

S short-chain PFASs {7 inorganic salt
O N long-chain PFASs

== OM1 o o ¢ -i'Lq_, A/

Figure 1. Adsorption mechanism of carbon-based adsorbents for PFAS removal.
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3.1.2. Anion-Exchange Resin Adsorption

Resin adsorption gradually attracted researchers’ attention due to its strong adsorption,
regeneration ability, and convenient operation. The carbon chain length (or hydrophobicity)
and terminal functional groups of PFASs could influence the adsorption of anion-exchange
resin for PFASs. Maimaiti et al. explored the adsorption of large pore anion-exchange
resins about IRA910 for single PFASs (PFBA, PFHxA, PFOA, PFBS, PFHXS, and PFOS),
showing that the chain length had a great influence on PFCAs adsorption compared with
PFSAs [34]. The adsorption efficiency of PFSAs was better than PFCAs, in which the
optimum adsorption efficiency of PFBS could be up to 1023.32 mg/g. Moreover, in order to
investigate the treatment effect and regeneration capacity of anion-exchange resin, Du et al.
eluted the IRA67 resin that saturated adsorption with PFOA and PFHxA using the mixture
solution of NaCl and methanol, the recovery could achieve 98% and 40%, respectively. This
phenomenon indicated that short-chain PFASs were difficult to remove from the resin. In
addition, the properties of ion-exchange resin also played an effect on the adsorption for
short-chain PFASs [25]. For instance, the adsorption capacity of the ion-exchange resin was
superior to the non-ion exchange resin, and most of them were better than ACs.

The mechanism of anion-exchange resin mainly included hydrophobic effects, electro-
static effects, and ion-exchange effects. Generally, the resin with stronger hydrophobicity
possessed a virtuous adsorption ability; however, the regeneration capacity was deprived
by contrast [4]. Furthermore, the adsorption of short-chain PFASs might be influenced by
pH via changing the resin surface potential or morphology [34]. For instance, in various
ranges of pH, strong base anion (SBA) resin was impregnable due to its ionization form.
In contrast, weak base anion (WBA) resin was influenced significantly [31], which could
take effect when the amine group was protonated under acidic conditions. Moreover, the
main mechanism for short-chain PFAS removal was single-molecule anion-exchange by
the analysis of transmission electron microscope; thus, the inorganic anions in solution
would compete with PFAS anions for the ion-exchange sites and then decrease the removal
efficiency. The ion-exchange reaction equations are shown in (1) and (2), where [R4N*] and
[R3N] indicate the ion-exchange site [15].

[R;N*]ClI™ + PFAS™ < [RyN+]PFAS™ + Cl~ 1)
[RsN] + H* + PFAS™ <> [RsNH*]PFAS™ @)

3.1.3. Coagulation and Electrocoagulation

Coagulation possessed the advantage of low price and high adsorption efficiency [4].
Deng et al. [35] discovered that the removal efficiency of PFOA exceeded 90% when the
dosage of polymer aluminum chloride (PACI) was 10 mg/L. However, the removal effi-
ciency of PFOA was reduced significantly when multiple PFASs existed simultaneously, and
the removal rates followed the order of PFBA > PFHxA > PFOA > PFDoA > PFOS, which
demonstrated that the removal efficiency of short-chain PFASs was superior, compared
with long-chain congeners.

Electrocoagulation received widespread attention because of its higher removal effi-
ciency for PFASs and short treatment period [4]. The electrocoagulation technique mainly
produced a large number of cations and then generated flocs by sacrificing the anode; thus,
the dissolved contaminants could be purified by condensation and adsorption of flocs,
which was subsequently carried to the surface of the solution by the H, and O, produced
by the electrodes through electrical floating. The Electrocoagulation mechanism for PFAS
removal is shown in Figure 2. Liu et al. [36] adopted the periodically reversing electroco-
agulation (PREC) technique to treat contaminated groundwater around fluorochemical
plants, indicating that the PREC was effective for the removal of PFASs with different
lengths of carbon chains. Subsequently, the above group approved that the PREC technique
with Al-Zn electrodes for multiple PFSA removal was impactful, the removal rates of
PFBS, PFHxS, and PFOS could reach up to 87.4%, 95.6%, and 100% within 10 min under
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optimal conditions (12.0 V, pH =7, 400 r/min) [37]. In general, the removal mechanism of
electrocoagulation was a hydrophobic effect and might exist with electrophoretic, polarized,
and electric fields [38]. In addition, several influencing factors involving current density,
inorganic ions, and OM were also crucial for the removal of short-chain PFASs.

Direct Current
)

Cathode

Figure 2. Electrocoagulation Mechanism for PFASs removal.

Table 2. Comparisons on adsorption capacities of various adsorbents for short-chain PFASs.

Adsorbent PFAS Experiment
Adsorbent PFASs Concentration pertm Removal Efficiency References
Dose/(mg/L) Condition
(mg/L)
GAC (F400) 1000 PFBS 15-150 DI, 30°C, 98.7mg/g [23]
pH=72
WW, 25 °C
BdAAC 200 PFHxA 314 pH=4,48h 18.84 mg/g [25]
170 r/min
WW, 25 °C
IRA67 100 PFHxA 314 pH=4,48h 37.68mg/g [25]
170 r/min
PFBA 6.5-204 DI, room 51.36 £ 4.28 mg/g
AC (micropore) 250 PFBS 6247 temperature 51.01 £ 3mg/g [26]
PFHxA 7.2-217 pH=6,3d 23554 £ 72.23mg/g
DI, room
CTF 250 PFBA 6.5-204 temperature 92.03 +£4.28mg/g [26]
pH=6,3d
DI, 25 °C
SWCNT 250 PFBA 106.4 pH=72d 7.5% [30]
200 r/min
PFBS DI, 25 °C, 1023.32 mg/g
IRA910 100 50-400 pH=6,240h [34]
GW,pH=7.0
Electrocoagulation - PFBS 0.031 10 min, 400 r/min 87.4% [36]

Al-Zn, 12V




Appl. Sci. 2022,12,1941

7 of 17

3.1.4. Adsorption with Other Materials

In recent years, the performance and construction of new materials that could be
controlled and modified easily were synthesized by researchers. Wang et al. used a
covalent triazine-based framework (CTF) to eliminate PFBS, with an adsorption capacity
of 92.03 mg/g [25]. Subsequently, Zaggia et al. explored the adsorption capacity of AC,
CTF, and IRA910 for PFBA and found that the order followed the rules of micropore
AC < CTF < IRA910, which demonstrated the adsorption mechanism was an electrostatic
effect between the triazine group and the PFAS anion head [32]. Ionic strength might
be another major factor of other materials that influenced the adsorption efficiency. For
example, the adsorption efficiency of poly-styrene carboxylic acid (PS-COOH) for short-
chain PFCAs in seawater was better than river water due to the large ionic strength in
seawater [39].

Therefore, in various kinds of adsorption materials, the adsorption efficiency of anion
exchange resin and electrocoagulation for short-chain PFASs were remarkable. However,
the elution ability of the anion exchange resin was inferior when the short-chain PFASs
were adsorbed, and the flocs of electrocoagulation were still required for further treatment.
Secondly, AC owned the property of low cost and high removal efficiency, while the
regeneration ability was unsatisfactory. Finally, new adsorption materials could improve
electrostatic attraction effectively, but the application should be further explored.

3.2. Advanced Oxidation/Reduction Technigues

Advanced oxidation/reduction techniques have been used for the degradation of
PFASs, with the advantages of high conversion efficiency and simple operation, and some
techniques could achieve complete mineralization. However, these techniques generally
put emphasis on long-chain PFASs, including PFOA and PFOS. Whether these techniques
could remove short-chain PFASs was still lacking in studies. This section provides a
systematic summary of the application of the degradation of short-chain PFASs about the
techniques of electrochemical oxidation and photocatalytic degradation, etc.

3.2.1. Electrochemical Oxidation

Electrochemical oxidation is an emerging advanced oxidation technique due to the ad-
vantages of high removal efficiency, strong oxidative ability, and low energy consumption.
This technique was found to degrade long-chain PFASs effectively. The most commonly
used oxidation anodes included Ti/SnO,, Ce/PbO,, boron-doped diamond (BDD) elec-
trodes, and their modified electrodes. Comparisons on the removal efficiency of short-chain
PFASs by different electrode materials are shown in Table 3.

Table 3. Removal efficiency of short-chain PFASs by different electrode materials.

PFASs Experiment Removal
Anode PFASs Concentration perm . . o References
Condition Efficiency/(%)
(mg/L)
PFBA 31.8
. PFPeA 20 mA/cm2 414
- - ’ 4
Ti/Sn0y-Sb/PbOy-Ce  prrrs 100 10 mmol/L, NaCIO, 78.2 [401
PFHpA 97.9
100 mA /cm?,
BDD PFHxA 870 OM, inorganic salt 98 [41]
Si/BDD PFBS >150 rotating disk electrode 90 [42]

Niu et al.’s research group found that the degradation efficiency of Ti/SnO;-Sb for
100 mg /L PFOA could reach 98.8% when the current density was 40 mA /cm?, pH at 5, and
the electrolyte with 10 mmol/L NaClO4 [43]. Subsequently, the research group explored
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the Ti/SnO,-Sb/PbO,-Ce electrode to degrade short-chain PFASs of PFHpA and PFBA,
with removal rates of 97.9% and 31.8%, respectively. This might be related to the high
resistance of short-chain PFASs and the co-existence of multiple PFASs [40]. In addition,
Soriano et al. used a BDD electrode to remove high concentrations of 870 mg/L PFHxA in a
solution containing OM and inorganic salt, finding that the removal rate was 98% within 2 h
when the current density was at 100 mA /cm?, and energy consumption was 45 Wh/L [41].
Liao et al. explored a Si/BDD electrode for the elimination of high concentration PFBS
(>150 mg/L) at low current density; the removal rate was 90% within 1 h [42]. Based
upon the above studies, the BDD and its modified electrodes achieved remarkable results
compared with other electrodes involving SnO; and PbO,. However, the base materials
of Si were too weak and performed unfortunate electrical conductivity. Therefore, high
manufacturing costs and lack of suitable base materials limited the large-scale application
of BDD electrodes. At present, it is important to discover a cheap and stable base material
for the industrial application of BDD electrodes [37].

The degradation of PFASs on the electrode surface was related to electron transfer and
free radical oxidation; the proposed pathways for electrochemical oxidation of PFOS in
water are shown in Figure 3.

%ﬁ\&

¢ ¢ ¢
CgF)y @

-
-}

circle

- —————

%ﬁ%&"r FRE G n g KA o LA
(*,1-'.-5(),1{t CsF,OH CIF1<CFO | CiFiscoon .

CO2\(6)

RIS

CiFis

(3)-(5)

e e e AL, i AL

€" ¢
CyF,COOH CyFyC ()()ll CsFCOOH N _ CeF13COOH ’

. e
Er A

CoFy b ¢ ¢ ¢
Short-chain CeFiy

PFASs _C-Tl. +SO; .Q'Tl--st); eC

| < ® O
{h{h? ‘qﬁz}{g\"‘ oF

CyFsSOH CeF1SOsH CH
Figure 3. Proposed pathways for electrochemical oxidation of PFOS in water.

Initially, the electrons are transferred from the terminal functional group of PFASs
to the anode driven by the electric field and formed PFAS radicals (-CpF2n+1COO or
-CnFon+1503), the extremely unstable PFAS radicals undergo decarboxylation or desulfation
to form -CyFopn41. The generated -CpFpn41 could react with HoO, OH™, or -OH, and finally
-CF, groups were cut down gradually to generate short-chain PFASs with the specific
reaction equations shown in (3)—(7) [44,45].

CnFps1COO™ —  -CpFpp1COO + e~ 3)
CnFon1S03~  —  -CyFpn41SO3 +e” 4)
CnF2n+1 +H20 — 'CnF2r1+1OH +H* (5)

CnFons1OH  — Cnlezn,1COF+H+ +F~ (6)
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Cn_1F2n_1COF+H20 — Cn_len_1COOH+H++F7 (7)

Plenty of studies have demonstrated that the degradation efficiency of short-chain
PFASs was still lower than long-chain congeners. In order to improve the removal efficiency
of short-chain PFASs and reduce the energy consumption effectively, the studies of influence
factors, including the current density, pH, electrolyte, OM, and microorganisms in solution,
must be carried out. Meanwhile, the electrode modification could improve the removal
efficiency and the defluoridation efficiency of PFASs, as well as improve the electrode life
successfully, but the metal doping on electrodes might lead to partial contamination during
treatment processes [4].

3.2.2. Photocatalytic Degradation

Direct photolysis. Photocatalytic degradation is an advanced oxidation technique that
can mineralize target compounds by UV light and photocatalysts. However, PFASs cannot
absorb light over 220 nm directly, and the degradation rate of PFBA and PFPeA was only
16.3% and 24.3% by direct photolysis, respectively [15]. Hori et al. found that PFPeA could
strongly absorb the light from the vacuum UV region to 220 nm due to the degradation of
PFASs under VUV irradiation (<190 nm) by the active substances produced by homolysis
and ionization of water, involving a hydrated electron (eaq ), hydrogen radical (H-), and
hydroxyl radical (-OH) [46]. Therefore, how to use catalysts to promote the generation of
active substances about free radicals for the photodegradation of PFASs was imperative.
The photocatalytic efficiency of PFASs with different catalysts is shown in Table 4.

The sulfate radical (SO4°~) produced from persulfate (S,05?~) under UV irradiation
was observed to be more effective for PFASs degradation over -OH. Therefore, S,052~ was
used as an oxidant to degrade PFAS frequently [47]. For instance, Hori et al. found that
the short-chain PFCAs in aqueous solution were oxidized to CO; and F~ by SO4°*~ when
the concentration of S,0g%~ was 50 mmol/L [46]. Subsequently, this group also found that
Fe®* was an effective catalyst for photodegradation, and the photodegradation efficiency of
PFBA and PFPeA were improved to 49.9% and 64.5% due to strong light absorption from
the complexation of PFASs with Fe3* [47]. Water-soluble polyacid photocatalysts could
also promote C-F bond cleavage of PFPrA, thereafter generated to TFA, CO,, and F~, but
the energy consumption of the process was exorbitant [48].

Zero-valent iron (ZVI) reduction. Reductants including zero-valent iron particles or
iodine salt could also enhance the photodegradation of PFASs. ZVI was used as a reductive
agent for the photodegradation of PFASs due to its high reduction potential (—0.447 V) and
reactive surface area [15]. For instance, Hori et al. observed that the degradation efficiency
of short-chain PFSAs (C2-C6) could be up to 95% using ZVI, owing to the generation of
iron oxide in the ZVI surface, which could interact with PFASs ions synergistically, thus
promoting defluoridation efficiently [49].

Photocatalytic degradation. Photocatalysts were scarcely implemented in short-chain
PFASs; the photodegradation efficiency could be deduced by examining the degradation
intermediates and degradation efficiency of long-chain PFASs. For example, Panchangam
et al. adopted TiO, photocatalysts for 120 mmol/L of PFOA degradation under UV irra-
diation at 254 nm within 7 h, 97% of PFOA were converted to short-chain intermediates,
including PFPrA, PFBA, PFPeA, PFHxA, and PFHpA, in which PFHpA reached the maxi-
mum at 5 h [50]. Currently, the widely used method for modifying TiO, was doping with
precious metals (Pt, Pd, Au) or other metals (Pb, Cu, Fe). Li et al. explored TiO, doped
with Pt to completely decompose 144.9 mmol/L PFOA within 7 h under UV irradiation at
365 nm; the defluoridation efficiency was 34.8%. It was 12.5-fold faster than unmodified
TiO; due to the deposited Pt particles could store excessive electrons and promote the
electrons transferred to PFAS availably [51]. In addition, the composite materials were
used to improve the photocatalytic degradation of PFASs, such as TiO,-MWCNT and
TiO,-rGO. It was found that the degradation efficiency of PFOA could reach 100% when
using TiO,-MWCNT after 8 h under irradiation of UV at 265 nm [52].
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In addition to the above n-type photocatalysts of TiO;, p-type photocatalysts involv-
ing InyO3 and GapOj3 have attracted widespread attention because they could enhance
the degradation capacity of PFASs. However, p-type photocatalysts showed a strong de-
pendence on the material shape and microstructure [15]. For example, the In,O3 porous
microsphere had the highest photocatalytic activity on the degradation of PFOA, which was
74.7 times faster than TiO,. Similarly, short-chain intermediate PFHpA could be completely
degraded within 3 h by the In,O3 nanoplates, whereas In,O3; nanocubes were much less
effective. However, in the degradation process, the short-chain intermediates were still
generated from PFOA degradation, and the concentration of intermediates was positively
related to their carbon chain length [50,53].

New photocatalysts could decompose PFAS, but the information about the application
for short-chain PFASs was still limited. According to the degradation data of long-chain
PFASs, the degradation conclusions could be deduced as the following: photocatalytic
degradation of PFASs was a gradual splitting decomposition of CF,. The reaction of
breaking the chain generated short-chain intermediates. The short-chain products showed
strong resistance to photocatalytic degradation [15].

During the photodegradation process, the catalyst dosage and pH were imperative
influencing factors. In the low concentration range between 20-100 mmol/L of persulfate,
the photochemical reactivity could be improved with the concentration increase. Whereas
further increasing persulfate concentrations could result in saturation of the reaction rate,
Because SO4°~ could react with persulfate or itself, this side reaction would reduce the
degradation efficiency [15]. Moreover, a high concentration of hydrated hydrogen ions
(H30") would quench e,q~ under acidic conditions, thus contributing to the reactivity
decrease due to the quantum yield of eaq~ declining sharply. However, under alkaline
conditions, the reactivity would be enhanced due to the quantum yield of e,q~ increasing
by the reaction of H- and OH™ [54].

Table 4. Photocatalytic efficiency of PFASs with different catalysts.

Experiment Removal
Catalyst Catalyst Dose PFASs Condition Efficiency (%) References
PFBA uv 499
3
Fe* 5 mmol/L PFPeA uv 64.5 [47]
. Short-chain PFSAs UV, 350 °C

ZVI1 particles 960 mmol /L (C2-C6) 20 MPa 95 [49]
TiO 0.66 g /L. PFOA 254 nm 100% [50]

2 66 g pH <3 ’
TiO,-MWCNT 04g/L PFOA 300 1‘3’%13:62 nm 100% [52]
TiO-rGO 0.1g/L PFOA 15OPVP‘I" 2nm 93 + 7% [55]

3.3. Other Techniques
3.3.1. Plasma Technique

Plasma is the collection of positive and negative electric particles that consist of elec-
trons, ions, radicals, and neutral particles, which are electric and electroneutral, thus called
the fourth state beyond gas, liquid, and solid electrically. Diverse from most AOPs and
conventional techniques, plasma techniques could convert water into highly active sub-
stances, involving -OH, O, H:, HO;-, O2*~, Ha, Oz, H0,, and eaq~ [56]. When using
the plasma technique for PFASs elimination, the degradation process was gradually re-
duced to intermediates, and then intermediates, perfluoroalkyl radicals, and perfluoro
alcohols/ketones-perfluoroalkyl were oxidized [57]. However, this technique was hardly



Appl. Sci. 2022,12,1941

11 of 17

applied and is invalid in the degradation for short-chain PFASs. For example, Takaki et al.
adopted BaTiOj3 iron beads as a filling medium to degrade CyFg; the degradation efficiency
was only 20% [58]. Moreover, short-chain PFASs, fluorine ions, and CO, by-products were
produced during the plasma treatment of PFASs.

3.3.2. Thermolytic and Sonochemical Degradation

In the recent decade, thermolytic and sonochemical degradation have attracted wide
attention. Tsang et al. [59] found that 99% of CF4 could be removed under urban incinera-
tion conditions (about 850 °C) and assumed the pyrolysis of 800-900 °C could resolve long
and short-chain PFASs efficiently. Krusic et al. [60] explored the gas phase decomposition
of PFOA in quartz tubes at 355-385 °C, finding that PFOA retained thermal stability below
300 °C but completely degraded at 370 °C after 360 min. However, the by-products of
small molecule substances were generated continuously, which demonstrated the greater
resistance of short-chain PFASs. Subsequently, Campbell et al. explored pre-concentrating
PFHxXA on GAC, which could improve the thermal mineralization rate from 46% to 74% [61].
Furthermore, in order to investigate the effect of ultrasonic chemistry on the degradation
of PFASs with different carbon chain lengths, Campbell et al. investigated the degrada-
tion efficiency on six kinds of PFASs at 358 kHz, the order was PFOA > PFHxA > PFBA
and PFOS ~ PFHXS > PFBS [62]. Similarly, Fernandez et al. found that the degradation
efficiency of ultrasonic chemicals raised with carbon chain length increased [63]. For one
thing, long-chain PFASs with strong hydrophobicity were inclined to be adsorbed on the
gas-liquid interface for thermal decomposition or oxidation degradation. For another,
short-chain PFASs were more difficult to be defluorinated than long-chain congeners. Gen-
erally, these techniques could mineralize short-chain PFASs, but nongreen environmental
factors about the generous discharge of CO, and high energy consumption limited the
development in actual application.

3.3.3. Membrane Separation

In recent years, low carbon treatment of membrane separation techniques, including
nanofiltration (NF) and reverse osmosis (RO), have made great advances. During the rejec-
tion in membrane processes, the molecular size and structure of PFASs were considered key
factors. For instance, NF membranes could reject more than 96% of PFHXA (ug/L to mg/L)
under neutral pH, whereas the rejection rate of shorter-chains PFASs about PFBS decreased
to 69% attributable to the small molecular size [64]. Furthermore, charge, hydrophobicity,
pH, and dipole moment might also affect the solute-membrane interactions and thus the
rejection efficiency of PFAS. It was shown that pH reduction could increase the membrane
rejection efficiency of PFHxA. Moreover, the presence of the ions generally suppressed
the electrical repulsion, but the exclusion efficiency was enhanced with increasing ionic
strength, which indicated that the exclusion of membrane size was the dominant factor.
In the practical application, the rejection efficiency of short-chain PFASs would be easily
influenced because of membrane contamination. In addition, membrane separation tech-
niques could produce a high concentration of PFASs and still require subsequent treatment
or disposal.

3.3.4. Bioremediation Techniques

Kwon et al. degraded PFOS (1400-1800 pg/L) by cultivating P. aeruginosa microor-
ganism with the removal rate of 67% [65]. However, short-chain PFASs were difficult to
degrade by common microbes. For example, the concentration of PFBS in the effluent of
sewage treatment plants remained unchanged or increased after conventional activated
sludge or biofilm bioreactors. That is, short-chain PFASs showed high resistance to various
activated sludge systems [5]. While in plant tissues, both short and long-chain PFASs all
have a tendency to accumulate. Recent studies have shown that the biological accumulation
of PFASs followed a U-type trend. The lowest hydrophobicity (e.g., PFBA and PFPeA) and
the maximum hydrophobic species (e.g., PENA and PFDA) presented the greatest absorb
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efficiency [66]. Another study on the uptake and distribution of PFASs in maize showed
that plant adsorption and distribution of PFASs were dependent on chain length, functional
groups, and plant tissue. Generally, short-chain PFASs were transferred to the overground
portion of plants, while long-chain PFASs were mainly transported to the root [67].

4. Comparisons on Different Treatment Techniques

So far, low carbon treatment techniques of short-chain PFASs have included adsorp-
tion, membrane separation, bioremediation, as well as degradation techniques relating
to advanced oxidation, plasma, thermolytic, and sonochemical degradation. The above
technologies could remove short-chain PFASs to a certain extent, but their treatment effects,
operating conditions, removal mechanism, and applicability were quite different. The
comparisons on treatment techniques for short-chain PFASs are presented in Table 5.

Adsorption was the utmost widely applied technique for short-chain PFASs, and its
energy consumption could be nearly ignored besides the low energy cost of the adsorbent
regeneration. The removal mechanisms of short-chain PFASs were mainly electrostatic
action, hydrophobic effect, and ion exchange [4]. As shown in Table 5, this technique has
the advantages of convenient operation, low carbon, low cost, and low energy consumption,
as well as application with a wide concentration range of short-chain PFASs, especially
trace levels. However, the technique has the drawbacks of a long adsorption period and
low regeneration efficiency [27,36].

Advanced oxidation techniques, involving electrochemical oxidation and photocat-
alytic degradation, degraded short-chain PFASs primarily relying on active free radicals,
which possessed the advantages of a short treatment period and low energy consump-
tion [5,15]. However, the techniques were not suitable for trace levels of short-chain PFASs,
and its low mineralization rate and subsequent CO, generation rate from mineraliza-
tion were also the main problems for achieving the low-carbon goals [43]. In addition,
electrochemical oxidation could produce high expenses of electrode materials and the
risk of electrode contamination. The photocatalytic degradation technique generated the
problem of secondary pollution by catalyst addition and might thus be limited in actual
applications [15].

The plasma technique was applied to the degradation of long-chain PFASs effectively,
but few studies focused on its degradation of short-chain PFASs, and the energy consump-
tion was still higher for complete mineralization [58]. The thermolytic and sonochemical
techniques could achieve complete mineralization, but the energy consumption was too
high, and the operating conditions were stringent [61]. The membrane separation tech-
nique could reject short-chain PFAS pollutants effectively, but membrane pollution and
membrane flux instability were the main problems [64]. Bioremediation techniques could
take advantage of their low carbon and environmentally-friendly processes, but they gen-
erated the problems of long remediation period and low efficiency, as well as inefficient
short-chain PFAS elimination and remaining in organisms [65].

Based upon the analysis, the most widely used and effective method could be adsorp-
tion, followed by advanced oxidation. However, there were still limitations of removal
efficiency in the application of eliminating short-chain PFASs. Since short-chain PFASs
were more resistant to be adsorbed and degraded than long-chain congeners, PFASs of
C1-C3 were barely degradable. Combined techniques might be developed based on
concentration/recycling-degradation of short-chain PFASs in water bodies rather than
degradation. The combination of adsorption and gas-liquid series electrical discharge treat-
ment has been applied in the degradation of dyestuff, which achieved excellent removal
efficiency compared with the adsorption alone [68].
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Table 5. Comparisons on treatment techniques for short-chain PFASs.

. . . Removal Treatment Removal Energy
Technique Materials Advantage Disadvantage Mechanism Time Efficiency Consumption References
Low carbon, cost, energy
consumption, and convenient Long adsorption time and Electrostatic
ACs, operation; No change in unfortunate regeneration interaction;
Adsorption Anion-exchange physicochemical properties; capacity of sorbent; Hydrophobic 10 min-10d 10-95.6% — [25,27,36]
resin Wide concentrations and Secondary contamination of interaction;
trace short-chain PFASs could elution solvent. Ion exchange
be treated.
Low energy consumption and Expensive electrode materials;
Electrochemical Ti/SnOy, short time; Not stlutak?le for trace Ox1dat1on;. o
oxidation BDD Good treatment for contamination; Prone to Hydrophobic 1-3h 31.8-98% 45 Wh/L [40,43]
short-chain PEASs secondary contamination and interaction
’ produced intermediates.
Additional catalyst; Low
. 2— yst; sdation:
Photocatalytic UV, 5208 Mineralizable. degradation efficiency; Oxidation; 6h-10d 16-95%  29-9091 Wh/L  [15,69,70]
degradation Fe°*, ZVI Reduction.
Complex by-products.
.1 . s High energy consumption;
Plasma G?Eﬁ;ger;gé(el Shloc:‘ rt1 tl.r:}fa,jiuli?Ablsz for Low mineralization efficiency; Reduction. 12h 20% — [57,58]
& ’ Generate intermediates.
Thermolytic and High temperature; Long time; High ener r? IT::lclpfsr
sonochemical &1 iemperature; Fully mineralized. ong time; THg energy orecttie 6-65h 46-74% 2129 Wh/L [60,61]
deeradation Ultrasonic consumption. structure by
& high energy
Low carbon and energy .
Membrane NF consumption; Not suitable for the actgal ..
separation RO Better rejection of short-chain waters; Easy to oceur i Rejection o 69-96% o [64]
PFASs. membrane pollution.
Low carbon and
environmentally-friendly; Long time and ineffective.;
Bioremediation Corn Effective to some degree for & .. v — >2d —67% — [65]
Need targeted training.

some short-chain PFASs by
plant adsorption.
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5. Conclusions and Future Research Recommended

This paper showed that the adsorption, electrochemical oxidation, and photocatalytic
degradation have certain removal effects on short-chain PFASs by comparisons on various
treatment techniques. Considering the removal efficiency, treatment time, energy consump-
tion, and cost, adsorption was the most widely applied technique for the effective removal
of short-chain PFASs, which was suitable for a wide concentration range of pollution and to
meet the low-carbon policy. Whereas, long adsorption period and unsatisfied regeneration
ability were the main problems. The advanced oxidation techniques of electrochemical and
photocatalytic activity could degrade short-chain PFASs, but low mineralization efficiency
contributed to intermediates of short-chain PFASs, as well as abundant organic matter and
CO; and they were especially inappropriate to eliminate trace short-chain PFASs. Therefore,
it was desirable to choose suitable techniques according to PFAS properties, as well as the
advantages and disadvantages of various techniques.

The contaminations of short-chain PFASs have attracted much attention at present,
while most studies still focused on the laboratory-scale treatment of long-chain PFASs,
including PFOA and PFOS, and data on the treatment of short-chain PFASs is still absent.
Therefore, future studies need to focus on the following topics: (1) Targeting long duration
period and poor material regeneration ability for the adsorption technique; the functional
groups of adsorbent materials need to be modified for improving electrostatic attraction
and hydrophobic effects and enhancing the adsorption efficiency and elution of short-chain
PFASs. (2) Innovative design for short-chain PFAS treatment by electrode and catalyst
modification to develop advanced oxidation techniques, with high degradation efficiency
in low-carbon and low-energy consumption, as well as adaptability for low-concentration
PFASs. (3) With the increasing pollution of short-chain PFASs in drinking water, extensive
emphasis should be placed on the development of advanced treatment techniques for
actual groundwater and surface water, along with exploration of new adsorption materi-
als, electrode materials, and catalysts, which could remove low concentrations of short-
chain PFAS under the background of multiple substances co-existing in the actual waters.
(4) Short-chain PFASs were more resistant to degradation than long-chain congeners, and
PFASs of C1-C3 were barely degradable. Therefore, concentration/recycling of short-chain
PFASs in water bodies should be considered rather than degradation. In addition, com-
bined techniques might be developed based on concentration/recycling-degradation, such
as adsorption and advanced oxidation, for the efficient removal of short-chain PFASs from
actual waters.
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