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Abstract

The increasing occurrence of chemically resistant per- and poly-fluoroalkyl substances (PFASs) in
the natural environment, animal tissues and even the human body poses a significant health risk.
Temporal trend studies on water, sediments, bird, fish, marine mammal and the human show that
the exposure of PFAS has significantly increased over the last 20-30 years. Different physical,
biological and chemical treatment processes have been investigated for PFAS removal from water.
However, there is a lack of detailed understating of the mechanism of removal by different
methods, especially by different advanced chemical treatment processes. This article reviews
PFASs removal efficacy and mechanism by the advanced chemical treatment methods from
aqueous solution. Review shows that several advanced oxidation processes (e.g., electrochemical
oxidation, activated persulfate oxidation, photocatalysis, UV-induced oxidation) are successful in
degrading PFASs. Moreover, defluorination treatment, some thermal and non-thermal degradation
processes are also found to be prominent for the degradation of PFASs with some limitations
including process costs over physical treatment (e.g., sorption), production of toxic by-products
and greenhouse gases. Finally, knowledge gaps concerning the advanced chemical treatment of

PFASSs are discussed.
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1.0 Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) have a common aliphatic carbon backbone,
in which hydrogen atoms have been replaced by fluorine atoms. They are a diverse class of
chemicals which have some unique chemical attributes, including extremely high thermal and
chemical stability owing to their highly polar and strong carbonefluorine bonds. PFAS are
primarily used in numerous industrial and consumer products such as surfactants, firefighting
foams, paints, alkaline cleaners, carpets, non-stick cookware, upholstery, floor polishes, shampoos,
fume suppressants, photographic films, semiconductors, food packaging, pesticide formulations,
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denture cleaners and masking tape.!” Low concentrations (ng L) of PFAS notably

perfluorooctanoic acid (PFOA) and perfluoroooctane sulfonic acid (PFOS), have been found in
human tissue and blood serum worldwide.*!?

PFAS occurring in the surface water (i.e. rivers, ponds, lakes and streams) are mainly
derived from the discharge of untreated effluents, leakage from the soil, and atmospheric
deposition'®. In China, Liu et al.'* claimed that 80-90% of PFOA and PFOS contamination was
caused by wastewater discharge from manufacturing and industrial effluents into surface water. By
investigating the impact of two fluoropolymer manufacturing facilities in France on downstream
contamination of a river, Bach et al'® found that 14 kg PFOA, 4295 kg perfluorohexanoic acid
(PFHxA) and 965 kg perfluorononanoic acid (PFNA) discharged to a river by the two facilities,
which can still be detected 15 km downstream from the industrial site. Secondly, the persistent
pollutants, especially PFAS, could be condensed in the soil to reach a comparatively high
concentration. While in the unsaturated soil, PFAS tend to leach downward during precipitation or
irrigation, and this process is a significant driver of PFAS transport from soil to surface water. In

Germany, Skutlarek et al'® reported that PFOS and PFOA ranged from no detection (n.d.) to 193

ng L' and n.d. to 3640 ng L', respectively, which were transferred from the runoff from the



contaminated soil. Moreover, atmospheric transport can lead to measurable PFAS accumulation in
surface water.!”

Table 1 shows the worldwide occurrence of PFAS including PFOA, PFOS,
perfluoropentanoic acid (PFPeA) and PFHxXA in the surface water from different areas.'®?!
Concentrations ranging from ng L™! to mg L! of PFAS have been reported to be present in water
samples. Notably, in Bormida River, Italy, the level of PFOA ranged from 253 to 6468 ng L', with
the mean value of 1613 ng L' and the median value of 1353 ng L', which was higher than the
others!”. Also, PFOS was in a lower level compared with PFOA, with a mean value of 48.92 ng L-
! (ranging from < method limit of quantification (MLQ) to 150 ng L', median at 23 ng L") existing
in Welland River, Canada and lower concentrations in other places.??> In Bohai Sea of China,
PFPeA was in a wide range of <MLQ-16085 ng L' (mean value of 298 ng L' and median value
of 1.25 ng L"). Similarly, PFPeA ranged from <MLQ to 150 ng L' (mean value of 45.78 ng L!
and the median value of 21.5 ng L!) was reported in Welland River, Canada. Besides, PFHXA
ranged from <MLQ to 5103 ng L' with a mean value of 68.6 ng L' and a median value of 1.64 ng
L' was detected in Bohai Sea, China. In Welland River, Canada, PFHx varied from <MLQ to 150
ng L! with the mean value of 29.94 ng L"! and the median value of 16.5 ng L"!. On the other hand,
compared with different areas, Songhua River (China) was less contaminated by PFAS as the
concentrations of FPOA and PFOS were both below 1.0 ng L™!.2* In addition, landfill leachate also
contributes to the release PFAS to wastewater treatment plants, which was estimated to be between
563 and 638 kg for 2013 in the US alone.

Different advanced treatment processes such as oxidation (with H>O», Fenton’s reagent,
Fenton’s reagent under UV, iron and heat), UV treatment in combination with iodide, activated
persulfate, iron and titanium, aqueous periodate, and subcritical water (350 °C) catalyzed by

nanosized zero-valent iron, have all been tested successfully in the laboratory.?*2° All of these



methods achieved removal rates ranging from 62% to 100% of PFOS. Conventional oxidation
processes were also performed using oxygen-based radicals, but they are not practically viable for
the decomposition of perfluorochemicals.?? Other physical separation processes such as filtration
processes (nanofiltration, ultrafiltration, microfiltration and reverse osmosis processes) have also
been successfully applied for the rejection of PFAS from the aqueous matrix achieving between
67% and >99% removal.>!-’

Other advanced treatment processes, including degradation and photodegradation of PFAS,
showed significant results with 100% removal.*® Remediation and treatment of PFOS and PFOA
contaminated water are extremely challenging. Although there are many review articles for PFAS
fate and remediation, occurrences and different strategies of PFAS remediation, there is no review
focused on the degradation mechanisms of PFAS. Also, there is no comprehensive review of
comparing the mechanism of PFAS degradation by the different advanced treatment system.
Therefore, this paper provides a critical review of the state-of-the-art of different advanced

degradation methods for the removal of PFAS from contaminated water.

2.0 Degradation mechanisms

2.1 PFAS degradation technologies

The degradation of PFAS has been carried out by different processes. Figure 1 shows the
degradation of PFAS by advanced oxidation processes (AOPs) such as oxidation, disinfection,
ozonation, aeration packed towers, potassium permanganate, ultraviolet (UV) treatment,
(UV/H203), chlorination (Cly) with and without chloramination, and chlorine dioxide processes.
As shown in Figure 1, the utilities 7, 11-15, 17 and 18 introduced the oxidation and disinfection
processes, which proved mostly ineffective (Figure 1). PFAA are generally resistant to oxidation,

hence, the lack of removal of PFAA via these full-scale processes is not surprising. As AOPs use



the hydroxyl radicals, yet hydroxyl radicals have been shown ineffective towards PFOA and PFOS
at the bench-scale.’**! In comparison, the degradation of some PFAA in water was found to be
highly effective by using different AOPs such as photocatalytic oxidation, photochemical reduction,
photochemical oxidation, thermally-induced reduction, persulfate radical, and sonochemical
pyrolysis.2+?8294042 However, most of these technologies are not employed in current drinking

water treatment practices.

Figure 1

The partial removal of PFHxS (34%) and PFOS (35%) (Figure 1) was obtained by using a
UV system (80 mJ cm™) at Utility 13. On the other hand, the degradation of PFOS and PFOA via
UV photolysis was the most effective process as demonstrated by many researchers.’*-4
However, the removal of perfluoroalkyl carboxylic acids (PFCA) or the smaller chain sulfonate
and perfluorobutanesulfonic acid (PFBS) by the UV system at Utility 13 was not effective.

As a result of the complete substitution of fluorine (C—F bond) for hydrogen (C—H bond)
in PFOS and PFOA, such compounds resist oxidation. This is due to the presence of most
electronegative element fluorine, which resists oxidation reaction to take place. Florine is also
known that as the most potent inorganic oxidant with a reduction potential of 3.6 V.*¢ Therefore, it
is thermodynamically unfavourable attempting to generate the fluorine atom with any other one-
electron oxidant. The utilization of the hydroxyl radicals, ozone (or O-atom), and AOPs is
considered as a viable solution for recalcitrant organics by many researchers;*’->* although this is
not the case for PFOS and PFOA. Subsequently, PFOS and PFOA contain no hydrogens to be

removed at pH usually found in the environment. In general, hydroxyl radicals must act through a

direct electron transfer to form the less thermodynamically favoured hydroxyl ions. Therefore, the



replacement of all of the organic hydrogens for fluorines in PFOS and PFOA makes these
compounds inert to advanced oxidation techniques.*! A wide range of activated persulfate,
subcritical water, Fenton’s agent, zero-valent metal, and combinations of at least two of the above
reagents have been used to improve oxidation process for overcoming these difficulties mentioned.

The results of these methods are described by Espana et al.*

AQPs are generally characterized by
the high reactivity of the sulphate (SO4") and hydroxyl radicals (OH*) in driving oxidation
processes on any compound. Highly oxidative sulphate radical anions (SO4") were found to be very
efficient for the degradation of PFOA to F— and CO, as major products.?* In the mineralization
process, small amounts of shorter chain PFCA are formed, indicating that further oxidation is
required to complete mineralization. Complete decomposition of PFOA at a concentration of 1.35
mM by light-activated persulfate at 50 mM [S20s] 2 and 4 h of irradiation was reported.?* Further
research work showed that heat-activated persulfate could also effectively decompose PFOA, 2
which yields F— ions and CO, with ratios of (moles of F— formed)/(moles of fluorine content in
initial PFOA), and of (moles of CO> formed)/(moles of carbon content in initial PFOA) being 77.5%
and 70.2%, respectively?>®. However, these results conclusively demonstrated the mineralization
of PFOA. Fujiiet al. °! and Lee et al.”’ show correspondingly that decomposition rates of PFOA
were at around 68%. Recently, it was demonstrated that sulphite under UV could degrade up to
100% of PFOA.*? Kingshott> also evaluated different methods for activating persulfate to treat
PFOS and reported that Fenton’s reagent-activated persulfate, H>O; activated persulfate and heat
activated persulfate, all showed >97.5% PFOS destruction. On the other hand, PFOA removal in a
UV-Fenton system achieved 95% by Tang et al.>* Other methods to improve persulfate’s ability
to degrade PFOA included microwave induction.’® The degradation of PFOA could be faster at

lower pH or higher concentration of persulfate, also indicated by Lee et al.*® For PFOS removal,

subcritical water (350 °C) catalyzed by zero-valent iron applied by Hori et al.?® The decomposition



to carbon dioxide and fluoride ions was facilitated by the adsorption of PFOS molecules onto Fe3O4
precipitate followed by oxidation mechanism.

However, many photolytic oxidation/reduction methods such as UV light in combination
with iodide, aqueous periodate, iron, and titanium-mediated photochemical decomposition have
been attempted in laboratory studies.?>>*#3->7-¢> By these methods, the PFOA removal achieved
ranged from 9%—70%. The direct irradiation with UV at 254 nm, however, showed ineffective in
the removal of PFOA.% Bhakhri et al.® used four oxidizing agents (potassium ferrate, sodium
persulfate, potassium permanganate and calcium hypochlorite) to oxidize POFA, which turned out
to be unsuccessful. Furthermore, the treatment of the anionic HFOSA-glycinic acid, which is
considered the most stable surfactant molecule, produced PFOS as reported by Schroder and
Meesters.*!

PFOS and PFOA alter to less toxic products, mainly fluoride ions, carbon dioxide and
shorter chain PFCA by oxidation reaction processes. As a result, further treatment is not required.
Chemical oxidation has the potential to destroy PFOS and PFOA in situ rather than transferring
contamination to another waste stream or area indicated by Hawley et al.®® AOPs have many
advantages over conventional chemical oxidation processes (Table 2) including higher oxidation
potential, no production of potentially carcinogenic chlorinated by-products, and no persistence of
the oxidant.®”%® The degradation of PFOS and PFOA at the mg L™! level has been unsuccessful for
AOPs such as ozone, O3/UV, O3/H202, and Fenton’s reagent,*! as have other oxidizing agents such
as potassium ferrate, sodium persulfate, potassium permanganate and calcium hypochlorite.®> In
addition, direct UV irradiation at 254 nm did not remove PFOA.%* To accelerate the reaction,
activation at higher temperature is required.?® The oxidation or UV radiation requires relatively
high temperature (70-90 °C) or energy-consuming irradiation to proceed.’® Moreover, the

conditions required to destroy PFOA by the activated persulfate oxidation process partially are



difficult to apply at full-scale for in situ remediations. It is possible for this reason that the oxidation
process has not yet been tested at pilot scale or full commercial scale.®
The PFAS degradation has been observed experimentally. The degradation of PFAS such

as PFCA (CnFn+1-COO-) undergoes two pathways upon reaction with e.q— (Figure 2).

Figure 2

First, two H/F exchanges occur consecutively on the a-position and yield Cn—1Fn—1-CH,—COO-,
which has high resistance for degradation. Additional C—F bond cleavage from middle —CF>—
groups is possible if the fluorocarbon chain is too long. Shorter-chain PFCAs are generated from a
decarboxylation mechanism shown in Figure 2b. Unstable perfluorinated alcohol (CnFan+1-OH)
yielded PFCAs that is subject to HF elimination.®® The resulted acyl fluoride is hydrolyzed to
release the second fluoride ion. Consequently, the shorter-chain PFCA (Cn—1F,n—1—-COO-) forms
and enters the next reaction cycle.?* This decarboxylation—hydroxylation—elimination—hydrolysis
(DHEH) pathway has been mainly deduced from previous literature;*>>%%7° further studies
provided insights on the stability of perfluorinated alcohol. However, DHEH indirectly was
supported by few pieces of evidence. First, telomeric fluorinated alcohols CnF2n+1-CH2—OH are
widely used when the perfluorinated CnF2n+1—OH has been rarely reported as a bulk chemical.”!-"?
This fact may reflect the instability of CnFan+1-OH. Second, a similar structure, FCH>—OH, has
only been observed spectroscopically under low temperatures in a mixture of HCOH and HF (i.e.
FCH,—OH < HCOH + HF).”” However, this equilibrium supports the mechanism of HF
elimination from structures with one —F and one —OH on the same carbon. The defluorination of
68.6% PFOA was observed within 6 h by Song et al.,>? but they did not quantitate the PFOA

decomposition ratio.



2.2 PFAS defluorination mechanism

PFAS defluorination was observed experimentally (Figures 2 and 3). Defluorination of
trifluorinated acetates (TFA, CF;—COO—) was found to be 100%, which strongly supports this
DHEH mechanism shown in Figure 2c. First, direct C—F bond cleavage TFA seems less likely
because it only has three high-BDE primary C—F bonds (Figure 3f). Second, the experimental
results of defluorination indicated that the previously proposed stepwise defluorination mechanism

for TFA was less likely to happen.”

Figure 3

The DHEH pathway is the most probable mechanism for PFCA chain-shortening and the
accompanying F~ release, while other reaction mechanisms have not been identified. A complete
defluorination would have been observed if the PFCA degradation followed the single pathway of
chain-shortening through the DHEH pathway. Thus, the maximum 55% defluorination from all n
> 2 CnF2n+1—COO- is attributed to other reaction pathways via H/F exchange. Assuming that
only these two mechanisms apply to the simple CF3CF,COOQO— structure. At the first step, DHEH
will generate two F~ and CF3;COO™, which can be fully defluorinated in the second DHEH
(defluorination = 100%). In the first step, the H/F exchange will accumulate CFzCH2.COO— with
high recalcitrance (deF% = 40%). So, after the first step, the overall 55% defluorination from
CF3;CF,COO- indicates a 75% probability for H/F exchange and a 25% probability for DHEH.
However, each shorter-chain PFCA product will also undergo the two competing pathways,
leading to the accumulation of H-containing structures with high recalcitrance. Hence, H/F
exchange in the middle of fluoroalkyl chain is also possible for long-chain PFCAs and

intermediates.
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Figure 4

Degradation of PFAS by defluorination occurs from the other side of the molecule as one
more —COO— terminal group enables degradation. Also, a-position H/F exchange or DHEH
pathways from the second —COO— would lead to higher deF% than PFCAs (Figure 4). However,
the previously proposed PFOA degradation mechanism indicated that CnFn+1—CH>—COO—
generated from CnF2n+1—CF,—COO— decomposes to three pieces, *CnF2n+1, CH2, and «COO—.
Therefore, the proposed mechanism does not support the result. After that, the *C,F2q+1 and «COO—
recombine into the shortened CnF2n+1—COO—."* If this happens then the degradation of CF3—CH>—
COO— would be fast, that could cause the degradation of all n > 2 PFCAs to TFA and yield 100%
defluorination. As for PFAS and FTCAs, the first reaction pathway is H/F exchange occurs in the
middle of the long-chain structures on relatively weak C—F bonds (Figure 4d). The other path is
the cleavage of the head groups and the formation of PFCAs following either the H/F exchange or
the DHEH mechanism. The similar molecular defluorination values from the decayed portion of
PFSAs (59—64%) and FTCAs (44—49%) in variable lengths support this speculation. According to
further investigation, the mass spectra peak areas of the parent compound and the identified
degradation products F mass balance seems not yet closed. Probably this happens for varying
ionization efficiency significantly for different products, which leads to inaccurate estimation of
product abundances.”>’® The novel products generated from other reaction pathways are also not
identified by the screening of suspect products from chain shortening and H/F exchange. The
mechanisms for some reactions still well not defined. For example, FTCA chain shortening
occurred with the —CH>CH,—COO—- headgroup remaining. High intensities of H/F exchange

structures (C4FsH—SO3— and C3FsH—SO3—) were observed in the degradation of PFOS and PFHxS,
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for that PFBS and PFPrS are highly recalcitrant. However, these results suggest that there is still
unknown degradation mechanisms involved in PFAS degradation. Since this treatment strategy is
not very operative to short fluorocarbon chains that are not directly linked to —COO—, mechanistic
study on the unfavourable pathways goes beyond the focus of this study. Instead, the priority should
be given to further researches should focus on the improvement of the rate and extent of the

degradation of recalcitrant PFAS structures.”’

2.3 Chemical oxidation mechanism

Aqueous film-forming foams (AFFF) contain PFAS, perfluoroalkyl sulfonamide-based
polyfluorinated compounds, and small amounts of PFCA. For the treatment of AFFF-contaminated
groundwater and to identify terminal transformation products, heat-activated persulfate processes
for chemical oxidation of AFFF have been used. For the batch experiment, 15- or 50 mL
polypropylene or polystyrene were centrifuged with total solution volumes of 10 or 40 mL.
Concentrated AFFF stock solutions were prepared by diluting AFFF 100-fold in ultrapure water.
Oxidation and the generation of the transformation of PFAS products were evaluated under well-
controlled conditions, therefore to investigate the potential for remediating AFFF contamination in
groundwater with heat-activated persulfate. Fluorotelomer- and perfluoroalkyl sulfonamide-based
polyfluorinated compounds were transformed to perfluorinated carboxylic acids, which
experienced further degradation under acidic conditions produced after persulfate decomposed.
The efficiency of the remedial process decreased for the presence of aquifer sediments. When the
concentration is very high, the presence of organic solvents, such as those present in AFFF
formulations, inhibited the transformation of a representative perfluorinated compound and

perfluorooctanoic acid. The transformation of persulfate into perfluorooctanesulfonic acid or

12



perfluorohexanesulfonic acid is not possible under any conditions when it is heat-activated (Figure

5).

Figure 5

As from the previous studies of persulfate thermolysis with Ansul and AFFF at 85 °C, at
least 95% of the added persulfate decomposed after 7.5 h (Figure 5).”® During the treatment of
Ansul AFFF with HOe, the pH dropped significantly, which was mainly due to the production of
different acids such as perfluorohexanoic acid (PFHxA), perfluoropentanoic acid (PFPeA), and
perfluorobutyric acid (PFBA). After the initial conversion of 6:2 FtTAoS to PFCAs, the
concentration data were consistent with the sequential —(CF;) cleavage mechanism, as observed
from previous studies, with PFHpA reaching its maximum concentration first, followed by PFHxA,
PFPeA, and PFBA (Figure 5).2%7°% Initially, the experiments performed with SOs*~ at room
temperature as well as in aerobic biotransformation studies.®> At the end of the treatment, short-
chain PFCAs accounted for approximately 13% of the initial 6:2 FtTAoS on a molar basis. A 12%
loss of 6:2 FtTAoS in heated controls containing AFFF without persulfate may have been due to
sorption losses to the reactor walls. It is challenging to accurately quantify low F— concentrations
in the presence of high levels of sulfate and other anions; therefore, the attempt to obtain the mass
balance on fluorine was unsuccessful.

After 0.5 h of the experiment in both the treatment and control reactors, PFOS concentration
decreased by approximately 40% and remained stable (Figure 6). This initial loss of PFOS may
have been as a result of sorption to the reactor walls or some other physical phenomenon related to
the AFFF components. PFCA concentrations primarily increased, with a total of 150 uM of PFHxXA,
PFPeA, and PFBA detected after 1 h. PFCA concentrations then decreased, leaving 18 uM of

PFBA after 4 h of treatment. The concentration of PFCA changes with time to oxidation of
13



sulfonamide-based polyfluorinated compounds PFHxSAm and PFHxSAmA.3* Oxidation of the
nonfluorinated portions of these PFAA-precursors by SO4™ produced PFCAs as products. These
PFCAs then reacted with SO4™ by the consecutive chain-shortening mechanism.

Figure 6

2.4 Advanced reduction mechanism

In advanced reduction processes (ARPs), highly reactive, nonselective reducing nucleophiles or
radicals, such as aqueous electrons, H™, and SO3™ are generated. Recent studies have focused on
degradation PFAS and PFCAs via reduction method. In advanced reduction method, radicals are
generated by utilizing sulfite, dithionite, aqueous iodide, and ferrocyanide in combination with UV,
ultrasound, laser flash photolysis, or electron beam (E-beam), microwave (Table 3). Degradation
of PFCAs mainly occurred with the hydrated electron nucleophiles.®® The degradation initiates by
the apposition of C-F bond cleavage, instead of the C—C bond.”>’* Carboxyl group have the
inductive effect of initiating the degradation, but, fluorine has the ability to withdraw electrons.®
Saturated carbon atoms are found in PFCAs which cannot gain more electrons. Free radicals are

formed after the bond cleavage as a result of UV irradiation.>>*

Table 3

2.4.1 Aqueous iodide

One of the widely studied ARPs has been using KI with UV (at 254 nm) which can decompose
several PFAS. In the presence of UV light, iodide (I') ion can form a caged complex (I, €") in
water.”* Initially, the capabilities of KI were limited, which resulted in the high concentration of
PFCAs and PFSAs remaining in the solution.>*> This was likely due to quenching and

sequestration by the production of triiodide (I3) from high concentrations of KI®*"
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iodinated hydrocarbons, CHF3, and C2Fe; strong greenhouse gases were also produced.’ Further
improvement of KI treatment was performed by utilizing alkaline conditions and a closed reactor,
which can reduce the production of greenhouse gases.’”%® The decomposition of PFOA and
defluorination ratio improves by increasing temperature and varying the ionic strength.

2.4.2 Dithionite and sulfite

Degradation of PFOA with dithionite (S204%") and sulfite (SO3>") was not very efficient with limited
success. Dithionite will form two sulfur dioxide radical anions (2SO*) when irradiated with UV
(315 nm).**®! Other products, such as H2SO3;, HSOs-, and SO3* can be generated during this
process. The UV irradiation of these product forms aquated electrons and other reductants, such as
H- and sulfite radical (SOs™-), and can then be used to breakdown PFOA.’*** While PFOA
degradation seems promising using dithionite and sulfite, <10% PFOA was removed with UV light.
No degradation was observed when using dithionite and sulfite with ultrasound, microwave, or E-
beam.’!

The degradation of PFAS using ARPs needs more research to determine better degradation
parameters for dithionite and sulfite. However, this process has limited applications and has not
been further optimized for PFAS degradation.”” In contrast, KI may be applied to PFCA-
contaminated wastewater. Qu et al.”* observed about 96% PFOA degradation when using KI to

destroy PFCA in wastewater from a fluorochemical plant in China.

2.5 Thermal and nonthermal degradation mechanism

Thermal treatment can also break the C—C and C—F bonds when the elevated temperature is used,
and perfluoroalkyl radicals are produced at high temperature. However, similar kinds of
decomposition of PFAS take place as like as photolytic or photocatalytic degradation. Various

types of methods are used for thermal treatment processes such as thermal, chemical reactions,

15



incineration, sonochemistry, sub- or supercritical, microwave-hydrothermal, and high-voltage
electric discharge.

2.5.1 Incineration and thermal chemical reactions

Incineration is one the most familiar route to destroy hazardous compounds, especially organic
compounds. However, it can cause harmful emissions to the environments. In incineration, high
temperatures ranging from 600 °C to 1,000 °C are used for the destruction of the compounds.
Incineration technique for PFAS degradation has been successfully performed.”®*® Although the
incineration of PFOS and PFOA have been completed at the same temperature range as mentioned
earlier, this phenomenon may form the volatile and mobile products such as 1-H-
perfluoroheptane.’®” If PFAS are incinerated with other wastes additional harmful emissions, such
as dioxins and furans, can be formed.!°*!°! On the one hand, during the combustion of PFOS, active
greenhouse gases have been noticed, including tetrafluoromethane (CF4) and hexafluoroethane
(C2F6).” The global-warming potentials of those greenhouse gasses are 5,700 and 11,900,
respectively, with long atmospheric lifetimes of 50,000 and 10,000 years, respectively.’?!%
Remediation of these harmful by-products can be done by certain additives (e.g. calcium
hydroxide).”?!92 To fully understand the incineration effects on the PFAS and formed by-products,
significant further research is required. However, heated at 30—85 °C with persulfate, PFCA and
perfluoroether carboxylic acid decomposes to shorter-chain carboxylic acids, F-, and CO> under
much more benign condition. Similar reactions took place as with persulfate and UV light and
resulted in PFOA decomposition to nondetectable levels, with faster degradation occurring with
increasing temperatures.”®!%

2.5.2 Sonochemical degradation mechanism

To achieve chemical reactions in a solution, sonochemistry is used with the help of an acoustic

field. In the solution, bubbles are breakdown by sound waves. Hence, pyrolysis and combustion of
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chemicals are observed when high vapour temperatures are produced. The pollutants in aqueous
media decompose by this technique. This technique is also able to decompose PFAS. Due to
pyrolysis, it decomposes at the bubble/water interface.*® This mechanism prohibits the nucleation
of cavitation bubbles in aqueous solution. These bubbles will start expanding until radial maximum,
transient bubbles undergo a quasi-adiabatic compression and this energy is converted into kinetic
energy of the trapped molecules. Thus, the collapsing bubbles caused high temperatures (average
5000 K).!%4195 The collapsing bubble wall strikes by the hot vapour, which generates heat from the
vapour. However, this heat is shifted to the bubble surface, reaching temperatures of about 800
K.196.197 The H* and OH* radicals are formed due to pyrolysis of hot water vapour in the collapsing
bubbles., As a result, it will react with chemicals in the bubble gas-phase. Although it will
decompose due to pyrolysis and combustion reactions.*®!® The PFOS decomposes up to 28% by
ultrasonic treatment for 1 h under an air atmosphere has been reported by Moriwaki et al.** PFOA
was produced during the sonochemical reaction. The authors attributed PFOA formation during
the reaction to oxidation after dissociation of the SOs;— group, which was oxidized to SO4 2 by
sonication. Nevertheless, by the repetition of the COO— dissociation, the produced PFOA will
undertake the perfluorocarbon chain short. The oxidation of the generated ions or radicals of the
perfluorocarbon also shows the effect on reducing the perfluorocarbon chain.*® Recent studies!®”
have shown that when the bubble interfaces are lightly populated the PFAS adsorption to
acoustically cavitating interfaces is increased. The degradation studies in groundwater’® have
shown that the decomposition rates are not significantly affected by organic content due to the
preferential adsorption of PFAS to the bubble water interface.

PFOS and PFOA have been shown to sonochemically decompose due to pyrolytic reactions
at the bubble/water interface,'!? as these create incinerator level temperatures just for a concise

time (ns). Ultrasonic degradation was carried out in dilute aqueous (< 1 pM) solutions of
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perfluorochemicals including PFOS and PFOA, which are not representative of field
concentrations. Extensive research is required before it can be applied in the field. Research needs
include studies of the variables affecting the effect on sonolytic degradation rate, developing
efficient and reliable methods to estimate the fraction of total surfactant molecules adsorbed to
transiently cavitating bubbles, understanding of physical processes that govern sonochemical
kinetics of fluorinated chemicals and how these processes are affected by acoustic frequency.*®
2.5.3 Sub- or supercritical treatment

Treatment methods using sub- or supercritical water can be environmentally benign. The
temperature range for subcritical water is 100 °C to 350 °C, and a certain pressure is sustained to
hold a liquid state. In comparison, supercritical water temperatures reach > 350 °C and pressures >
22.1 MPa.!'! At a certain temperature and pressure sub- and supercritical water plays an important
role such as degrading hazardous compounds, together with high diffusivity and low viscosity.
Decomposition of PFAS is increased when Iron is introduced to combine with sub- or supercritical
water. The use of metal can increase the PFOS degradation efficiency in sub or supercritical
treatment system in the order of Al < Cu < Zn << Fe, while the redox potential of each metal could
be ordered as Cu < Fe < Zn < A1.?!!2 The PFOS degradation efficiency order of metal ion and
redox potential of metals suggests that metal surface plays a vital role rather than redox potential.?®
The decomposition of PFAS is increasing with increasing the surface area iron. This phenomenon
is also valid for zero-valent iron.'*"''> Compared with subcritical water, PFAS degradation was

enhanced under supercritical conditions. Hori et al.'!?

observed increased consumption of PFHxS
under supercritical conditions (94.8% PFHxA decomposed) compared with subcritical conditions
(83.6% PFHxS decomposed), when Fe powder was added. However, more CFsH was produced

under supercritical conditions.''*-113
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2.5.4 Microwave-hydrothermal treatment

Persulfate can be used in combination with microwave hydrothermal treatment to decompose
PFOA and will form sulfate radicals with heat, similar to persulfate and UV.> At 90 °C, PFOA
was decomposed to non-detectable levels after 6 h, and at 60 °C, the reaction took twice as long to

achieve the same PFOA removal.>

Although microwave-hydrothermal treatment with persulfate
is quick, it requires low pH to form more sulfate radicals.>® Also, the pH will drop quickly due to
the formation of more protons. Persulfate activated by microwave-hydrothermal treatment was
improved with the addition of zero-valent iron powder and inhibited by the addition of chloride
ions. ZVI acted as a source of ferrous ions and led to faster activation of persulfate. Within 1 h at
90 °C, about 60% PFOA was degraded (15% fluoride yield).?” While PFOA degradation efficiency
increased with ZVI, high concentrations of ZVI (14.4—-18 mM) resulted in less PFOA degradation
due to the release of ferrous ions that competed with PFOA for sulfate radicals. Chloride ions were
also observed to inhibit PFOA degradation rate.!'¢ Microwave-hydrothermal treatment is more
cost-efficient when compared with other thermal treatment processes and can save up to 50% in
energy consumption. Higher decomposition rates, enhanced kinetics, and rapid and homogeneous
heating have also been observed.!!”:!!8

2.5.5 High-voltage electric discharge

High-voltage electric discharge reactors can generate strong electric fields, and highly reactive
species, such as hydroxyl radicals, oxygen radicals, ozone, and hydrogen radicals.'"® This method
can be cost-efficient, depending on the time of reaction and energy utilization in the system '2°.
Recently, A DC electrohydraulic plasma discharge reactor was used for PFOA and PFOS
degradation by high-voltage electric discharge, which generated oxygen gas bubbles and high

temperature (~2,000K).!2!-12* Therefore, PFOA and PFOS molecules can adsorb onto the gas-liquid

interface in high concentration.!?? This process can generate positive collided and which can react
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with the anionic forms of PFOS and PFOA. Therefore, decarboxylation degradation or C—C bond
cleavage of those PFAS can take place.'?* Other gaseous fluorocarbons also produced including
CHEF3;, CoFg, and CoHFs. Shorter-chain perfluorocarboxylates, fluoride ions, or sulfate ions, were
also found. Recently, Hayashi et al.!?* also performed the degradation of large-scale PFOS using
DC electrohydraulic plasma discharge reactor.

However, studies using thermal and nonthermal processes for PFAS decomposition have
been successful in many cases with some limitations. The limitation is the production of toxic by-
products and greenhouse gases. Moreover, these methods are also relatively expensive than AOPs
and physical removal processes. The cost efficiency of other methods for PFAS removal is still

unknown, especially when dealing with PFAS mixture and co-contaminants.'?’

3.0 Future outlook

For the removal of PFAS from the aqueous solution, different remediation technologies have been

developed. However, the majority of research work has been conducted at laboratory scale with

very few field applications. The main concerns that need to be addressed to apply new technologies

for the removal of PFAS are usually related to high energy input requirements, high capital cost at

full scale in situ remediation projects, and meager removal rates under different conditions.
Among different PFAS remediation technologies reported in the literature, PFAS removal

by activated carbon is commonly used.’®!?® Many other adsorbents that have been tested for

127-130

removing PFAS at laboratory scale include carbon nanotubes, powdered activated carbon!3""

135 131,132

, commercial resins , maize straw-derived ash'?’, polymers!®!, chitosan'*%, alumina'®?,

138

silica'®!, goethite®, organo-clay'*’, montmorillonite!*®, where > 90% removal can be achieved.

The presence of a significant amount of PFAS in landfill leachate is well documented in different

140

parts of the world.!*® Recent studies demonstrate that PFAS can undergo abiotic'*’ and biological

20



hydrolysis with an estimated half-life range of 8-100 years.!*>!'*! Therefore, the degradation of

PFAS under landfill conditions needs to be further studied.

Among different advanced degradation technologies used for PFAS removal, sonochemical
decomposition requires extensive research work before it can be implemented in the field, and air-
sparged hydro cyclone technology has shown several limitations including limited efficiency.*®

Future research should focus on the following:

e Numerous advanced oxidation/reduction processes are investigated in detail, but so far most
of those methods are tested in the laboratory not in real wastewater treatment plants. Hence
further research should focus on more commercial-scale wastewater treatment plants.

e Practical applications of photocatalytic and catalytic degradation methods require developing
appropriate immobilization methods, so that photocatalysts are trapped, remain effective for
long-term functioning, and are capable of being regenerated.

e Further study is needed to determine the degradation products or by-products from PFAS, in
order to assist understanding degradation mechanism and the potential toxicity of degradation
products.

e Research should be carried out for the development of novel advanced oxidation/reduction
technologies, which do not need further use of chemicals to obtain the best cost-efficient and
clean treatment option.

e Relatively new technology such as vacuum UV, electrochemical, sonolysis, and use of

ionizing radiation can be applied for the removal of PFAS.

4.0 Conclusions
Different advanced remediation processes by oxidation or reduction techniques can remove PFAS

from the liquid streams and have shown encouraging results. Different advanced chemical methods

21



produce various by-products through different reaction mechanisms. However, the majority of the
treatment system has only been tested at laboratory scale, and the industrial application was rarely
conducted. Consequently, industrial-scale applications are essential and the focus to be carried out

in future research efforts in combating PFAS contamination in the environment.
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