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Abstract

Fluorochemicals (FCs) are oxidatively recalcitrant and thus environmentally persistent
and resistant to most conventional treatment technologies. @ FCs have unique
physiochemical properties derived from fluorine being the most electronegative of
elements. Recent concern has grown over the FCs perfluorooctanesulfonate (PFOS) and
perfluorooctanoate (PFOA), as they have been detected globally in the hydrosphere,
atmosphere, and biosphere. Halting further fluorochemical release into the environment
will require improved containment during application and manufacturing processes and
remediation of the primary sources such as manufacturing waste. Removal technologies
such as reverse osmosis, nanofiltration, and activated carbon can remove FCs from water.
Incineration of the concentrated waste is required for complete fluorochemical
destruction. Recently, a number of alternative technologies for on-site FC decomposition
have been reported. The fluorochemical degradation technologies span a range of
chemical processes including direct photolysis, photocatalytic oxidation, photochemical
oxidation, photochemical reduction, thermally induced reduction, and sonochemical
pyrolysis.  We review these FC degradation technologies in terms of kinetics,
mechanism, energetic cost, and applicability. The optimal PFOS/PFOA remediation
method is strongly dependent upon the initial FC concentration, background organic and

metal concentration, and available degradation time.
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Introduction

Fluorochemicals (FCs) have a wide variety of applications such as inert, nonstick
polymers (e.g., telfon), water- and stain- proof coatings for paper and textiles (e.g.,
Scotchguard), oxidative protective coatings on metals, inert surfactants for semi-
conductor etching, aqueous film forming foams (AFFFs), and thermally stable lubricants.
The diverse FC applications are due to the unique physiochemical properties'™ gained
upon replacing the majority of the hydrogens in an organic with fluorines. Organic poly-,
and moreso, per-, fluorination yields a more thermally stable (i.e., C;Hs-H 101 kcal/mol
vs. CoFs-F 127 kcal/mol, and CF5-CF; 99 kcal/mol vs. CH3-CH; 89 kcal/mol), a more
oxidatively resistant (i.e., F + ¢ 2 F-, Eg = 3.6 V)4, and a weakly polarizable (i.e., apros
=32 A vs. osps = 12.4 A3)5 organic. The thermal and oxidative resistance from
fluorination makes fluorochemicals useful for extreme applications such as high-
temperature lubricants and AFFFs. The relatively low perfluorochemical polarizability
makes fluorochemicals useful for non-stick, protective coatings.

The physiochemical properties of fluorochemicals make them difficult to treat using
most conventional remediation strategies6'8. Perfluorochemicals (PFCs), organics with
all of their hydrogens replaced by fluorines, are particularily recalcitrant and
environmentally persistent. For example, atmospheric lifetimes of perfluorinated gases
have been estimated to be > 1000 years.” Recently, concern has increased over the
environmental impact of perfluorinated surfactants such as perfluorooctanoate (PFOA)
and perfluorooctanesulfonate (PFOS), or PFOX where (X = S or A). Perfluorinated
surfactants have a perfluorinated carbon tail, which preferentially partitions out of the
aqueous phase, and an ionic headgroup, which preferentially partitions in to the aqueous

phase. Due to their biphasic or surfactant nature, they tend to accumulate at the air-water
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interface ™ . PFOX has been observed to primarily accumulate in the hydrosphere

22,24,35-59

and the biosphere PFOX is released to the environment primarily during

manufacturing and coating processes®’, as well as from use of FC-based products®' ™.

66-68

PFOX can be indirectly created via atmospheric®®®, aquatic®, or biologic

70-74

transformation of fluorotelomer alcohols” and fluoroalkylsulfonamides’®’”. Recent

data suggests the phasing-out of the production of PFOS and PFOA in 2000 by 3M® and

33667779 1t has been

later by DuPont has reduced their proliferation in the environment
recently shown that landfill leachate from primary fluorochemical disposal sites may also
be a source of PFCs tin the environment®’, which is currently treated with granular
activated carbon post-WWTP.

The very dilute (i.e., ppt or pM) hydrosphere concentrations of PFOS and PFOA make
remediation of the perfluorinated surfactants previously released to and distributed in the
environment difficult using most conventional technologies®'. The onsite control of the
primary FC discharges from their primary source (i.e., concentrated manufacturing
effluents) is a more viable approach. A number of fluorochemical, specifically PFOS and
PFOA, treatment technologies have been evaluated in the literature. Granular activated
carbon has been shown to be effective at removing PFOA and PFOS at ppb levels from

6,82

relatively clean water (i.e., post-WWTP)™"“ and is utilized today. The activated carbon

must then be incinerated® to destroy the adsorbed fluorosurfactants. A fraction of the

78485 \Where anaerobic

fluorochemicals entering the WWTP will adsorb to the sludge
digestion has a minimal effect on their concentration®. The digested sludge may

subsequently be disposed of in a landfill, allowing the adsorbed fluorochemicals to be re-

released into the environment.
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Most conventional degradation technologies are ineffective for the in situ degradation
of aqueous PFOS and PFOA, since they are inherently recalcitrant to chemical and
microbiological treatment”****_ Advanced oxidation processes (AOPs)™, which utilize
the hydroxyl radical,—such as alkaline ozonation, peroxone (i.e., a mixture of O3 and
H,0,), or Fenton’s reagent (i.e., H,O, and Fe®" salts)—have been shown to be relatively

ineffective for PFOA and PFOS destruction’ . A number of photolytic methods, such

93-99 94,100-102

as direct photolysis™ ", persulfate photolysis , alkaline isopropanol photolysis”
,and photocatalysis”™'® " have shown varying degrees of efficacy on higher
concentrations of perfluorocarboxylates. Reduction by elemental iron under near super-
critical water conditions has been shown to be possible for PFOS degradation. Ultrasonic
irradiation of aqueous solutions of PFOS and PFOA®* has been observed to degrade these
compounds. Recently it has been reported that PFOS and PFOA are completely
mineralized during this process'”™ and that sonolysis can be used effectively for
environmentally relevant concentrations and matrices.

We will now overview these techniques in more detail in terms of their viability to
remediate and degrade aqueous PFOS and PFOA. These techniques will be reviewed in
terms of their reaction conditions, degradation kinetics, degradation products and energy
requirements. The techniques will be initially divided into four treatment groups:
conventional, oxidative, reductive, and thermal. It is likely that the optimal treatment

technology will be highly dependent on initial PFOX concentration (i.e., high for

manufacturing waste or low for environmental distribution) and the matrix in question.
Tertiary Water Treatment

Conventional wastewater treatment techniques'”, such as trickling filtration, activated

sludge, anaerobic digestion, and chlorination have been reported to have little effect on
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PFOA and PFOS mass flows (i.e, [PFOX]wwrp.intuent = [PFOXIwwrpeffiuent o0 .
Microbial communities can not metabolize PFOS and PFOA*®°. In some cases, PFOS
and PFOA concentrations were greater in the WWTP effluent as compared to the

7,8,111

influent™® which suggest microbial transformation of fluorosulfonamides such as

FOSE and FOSA to PFOS” "*!'"%nd fluorotelomer alcohols to PFOAm, or the release of
residual PFOX from disposed products''’. Incineration'" of sludge containing PECs**'!!
is effective for the complete destruction of fluorochemicals and fluoropolymers. Tertiary
water treatment technologies such as granular activated carbon (GAC)®, ion-exchange®”,
and reverse osmosis''*'"” have been shown to be effective in removing PFOS from
water. GAC*™ is currently utilized to remove PFCs from WWTP effluent and effectively
removes > 90% of PFOS and PFOA. PFOX equilibrium adsorption to various surfaces is

116,117

lower than observed for organics of similar molecular weight The adsorption

process is observed to be kinetically slow''®

. Isopropanol as a co-solvent was shown to
have a deleterious effect on reverse osmosis for the removal of PFOS''*. In all tertiary

treatment cases, a subsequent destruction step such as incineration is required for

complete perfluorochemical remediation.
PFOX Oxidation

Perfluorinated chemicals such as PFOS and PFOA are recalcitrant towards oxidation
due to the complete substitution of fluorine (C-F bond) for hydrogen (C-H bond).
Fluorine is the most electronegative of elements and will retain its electrons (i.e., will
resist oxidation) at all cost. Fluorine is nearly always found in the (-1) oxidation state
with the only exception being F, where its oxidation state is (0). The fluorine atom is the

most powerful inorganic oxidant known, with a reduction potential of 3.6 V (eq. 2.1)*
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and thus it is thermodynamically unfavorable to create the fluorine atom with any other
one-electron oxidant.
F+e >F (E'=3.6V) 2.1)

Perfluorination will also reduce the oxidizability of the ionic headgroup (-SO;3™ for PFOS
and -CO, for PFOA) since it inductively reduces headgroup electron density. Thus
PFOX are quite resistant to oxidation as compared with their alkyl analogs.

Advanced Oxidation Processes—Oxygen-Containing Radicals

For particularily recalcitrant organics, advanced oxidation processes which utilize the

90,118-120

hydroxyl radical, ozone, or O-atom are a viable solution . Hydroxyl radical can

be generated through hydrogen peroxide photolysis'?', ozonation'**'**  photo-

s 124

2
Fenton’s

, sonolysis'?’, and peroxone chemistry'*®. A hydroxyl radical normally reacts
with saturated organics through an H-atom abstraction to form water (eq. 2.2) and will
react with unsaturated organics primarily via an addition reaction. The hydroxyl radical
reacts with most aliphatic and aromatic organics at near diffusion-controlled rates'*’. At
environmentally relevant pHs, PFOS and PFOA contain no hydrogens to abstract, thus
the hydroxyl radical must act through a direct electron transfer to form the less
thermodynamically favored hydroxyl ion (eq. 2.3).

HO- +¢ — H,0 (E°=2.7V) (2.2)

HO-+¢ - HO (E°=1.9V) (2.3)
Thus the perfluorination or substitution of all of the organic hydrogens for fluorines in
PFOS and PFOA renders these compounds inert to advanced oxidation techniques’'. The
addition of H,O; is detrimental to the photolytic degradation of PFOA by competitively

adsorbing photons”. An upper limit for the second-order rate of HO- + PFOA has been

estimated to be kyo. + proa < 10° M s'l; multiple orders of magnitude slower than the
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reaction of hydroxyl radical with most hydrocarbons'?’. The futility of conventional
advanced oxidation for the degradation of PFOS and PFOA is noted in the use of
perfluorinated compounds to enhance advanced oxidation of other organics. PFOS is

128,129

used as an additive to increase aqueous solubility of PAHs , enhancing their

degradation by UV-H,0,. PFOS has also been utilized as a TiO, surface coating to

130 and chlorinated aromatics'®, leading to enhanced

increase adsorption of PCBs
oxidation rates. Biphasic water-perfluorocarbon systems have been utilized to increase
organic ozonation rates'’' by increasing dissolved ozone concentrations. Convential
advanced oxidation methods utilizing oxygen-based radicals are not practical methods for
the decomposition of perfluorochemicals.

Persulfate Photolysis—Sulfate Radical Oxidation

Persulfate photolysis has been utilized for the oxidative degradation of a number of

1327136 persulfate photolysis'’ or thermolysis'*® generates two sulfate radicals,

organics

SO4-, (eq. 2.4). The sulfate radical is an oxidizing radical that reacts by a direct one-

electron transfer to form sulfate (eq. 2.5). The sulfate radical has a one-electron

reduction potential of 2.3 V*, making it a stronger direct electron transfer oxidant than the
hydroxyl radical.

S,05” + hv (<270 nm) / A — 2 SO, (2.4)

SO4” +¢ — SO~ (E'=23V) (2.5)

Persulfate photolysis has been utilized to degrade a number of perfluoroalkylcarboxylates

of various chain length®*'%'%. PFOA degradation by sulfate radical oxidation has

achieved minimum half-lives on the order of 1 hour, with fluoride accounting for 15% of

the total fluorine over the same period of time ([PFOA]; = 1.35 mM, [S;05*] = 50 mM,
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9000 W L', Xe-Hg lamp, 4.7 atm 0,)°*'%. The percent of total fluorine as fluoride can
be used as a measure of PFOA mineralization.

A reaction mechanism for the sulfate radical mediated degradation of
perfluoroalkylcarboxylates was proposed by Kutsuna and Hori'®.  The initial
degradation is postulated to occur through an electron transfer from the carboxylate
terminal group to the sulfate radical (eq. 2.6). The oxidized PFOA subsequently
decarboxylates to form a perfluoroheptyl radical (eq. 2.7), which reacts quantitatively
with molecular oxygen to form a perfluoroheptylperoxy radical (eq. 2.8). The
perfluoroheptylperoxy radical will react with another perfluoroheptylperoxy radical in
solution, since there are no reductants present to yield two perfluoroalkoxy radicals and
molecular oxygen (eq. 2.9). The perfluoroheptyloxy has two branching pathways:
unimolecular decomposition to yield the perfluorohexyl radical and carbonyl fluoride
(eq. 2.10), or an H-atom abstraction from an acid such as HSOs to yield
perfluoroheptanol (eq. 2.12). The perfluorohexyl radical formed in eq. 10 will react with
0, (eq. 2.9) and resume the radical ‘unzipping’ cycle. The COF, will hydrolyze to yield
CO; and two HF (eq. 2.11). The perfluoroheptanol from eq. 2.12 will unimolecularily
decompose to give the perfluoroheptylacyl fluoride and HF (eq. 2.13). Perfluoroheptyl

acyl fluoride will hydrolyze to yield perfluoroheptanoate (eq. 2.14).

CF3(CF2)¢COO + SO~ —> CF3(CF,)sCOO" + SO (2.6)
CF3(CF,)sCOO- — CF3(CF,)sCF, + CO, (2.7)
CF3(CF,)sCFy: + 0, — CF3(CF,)sCF,00- (2.8)

CF3(CF,)sCF,00 + RyO00- — CF3(CF,)sCF,0- + RyO- + O, (2.9)
CF3(CF,)sCF,0- — CF3(CF,),CF, + COF, (2.10)

COF, + H,0 — CO, + 2 HF 2.11)
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CF3(CF,)sCF,0- + HSO4 — CF3(CF,)sCF,0H + SO, (2.12)
CF3(CF,)sCF,0H — CF3(CF,)sCOF + HF (2.13)
CF;3(CF,)sCOF + H,0 — CF3(CF,)sCOO + HF + H" (2.14)

During photolysis, Kutsuna and Hori observed the pH decrease to < 3, due to HF
production making eq. 2.12 the major branching pathway (75%). The shorter chain
carboxylates produced will be just as recalcitrant as PFOA.

Persulfate photolysis in liquid carbon dioxide/water mixtures'®' has been reported to be
a good medium for the degradation of longer chain carboxylic acids normally insoluble in
water. Through kinetic modeling of batch reactions, the second-order rate constants of
the sulfate radical with various chain-length perfluorocarboxylates have been determined
to be on the order of 10* M s 2, consistent with a flash photolysis study'> which
measured sulfate radical reaction with trifluoroacetate to be 1.6 x 10* M' s'. A
relatively slow rate when compared to second-order rates of the sulfate radical with
hydrocarbons; short-chain alcohols and carboxylic acids are at the lower end with
reaction rates on the order of 10° M s™ and aromatic organics are at the upper end with

reaction rates being diffusion controlled, 10°-10" M g7 14

. The presence of any other
dissolved organic species with aqueous PFOA will competitively inhibit degradation.
Persulfate photolysis would be a practical technique for the degradation of ‘pure’
aqueous PFOA. When other organics are present, significant PFOA degradation will only
occur when the PFOA concentration greatly exceeds the total organic concentration
([PFOA]/[Org]iotal > 100). Persulfate photolysis under the previously stated conditions
would be a viable decomposition method for perfluoroalkylcarboxylates of all chain

lengths, since they have similar second-order kinetics with the sulfate radical'*.
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Direct UV Photolysis

Photolysis is chemical bond-breaking driven by light. UV-Vis light adsorption yields
an electronically excited molecule. An electronically excited molecule has a bonding
(molecular) or non-bonding (atomic) electron promoted to an anti-bonding orbital. An
electronically excited molecule is more susceptible to chemical reaction and may open
new chemical reaction pathways unavailable to the ground state species. Terrestrial
solar-driven photolytic processes require utilization of 290—600 nm photons, due to
atmospheric absorption of higher energy light. Organics with large chromophores can be

141,142

directly photolyzed by solar irradiation Simulated sunlight applied to aqueous

solutions of PFOSg7, PFOAgS, and N-EtFOSE'® for 30 days had no effect on their
concentration ([FC]; = 100 uM, A = 290-600 nm, 10 W, 5 W/L). The 8:2 fluorotelomer
alcohol did not significantly degrade under direct photolysis'**.

Ultraviolet-C (UV-C, A < 300 nm) and vacuum ultraviolet (VUV, A < 200 nm) have
been utilized for a number of disinfection and advanced oxidation processes’. UV-C,
generated by a black or germicidal lamp (A = 250£10 nm), is primarily used for indirect
photolyses (e.g., persulfate photolysis), disinfection, and in some cases direct

photolysis'*. VUV irradiation is of high enough energy to photodissociate water into an

H-atom and HO- (eq. 2.15) with a quantum yield of 0.3 at 185 nm'*¢17.

H,O + hv (A <200 nm) — H- + HO- (2.15)
VUV has a very short liquid penetration depth (< 100 um) due to the strong adsorption
by water yielding a strongly oxidizing region near the lamp surface. Organic degradation

during VUV photolysis is primarily via HO oxidation'**"*°. Hori et al.”’ reported on the

photolytic degradation of PFOA which occurred with a half-life of 24 hrs ([PFOA]; =
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1.35 mM, 200 W Xe-Hg lamp, 22 mL, 4.8 atm O,). The primary photoproducts were
shorter chain carboxylic acids with fluoride accounting for 15% of the decomposed
PFOA fluorine after 24 hours. Aqueous PFOA VUV photolysis’'*! proceeds at a faster
rate, having a photolysis half-life of 90 minutes ([PFOA]; = 100 pM, A = 254 nm w/
minor 185 nm, 15 W, 800 mL, pH 3.7, 40 °C, N,) with fluoride accounting for 12% of the
degraded PFOA fluorine. The gas-phase VUV photolysis of trifluoroacetic acid yields
CO,, CFs, and H-atom as predominant photoproducts (eq. 2.16)'*%. Aqueous PFOA will
be dissociated into its ion products at pH 3.7, and direct photolysis will be of the PFOA
anion (eq. 2.17), which may unimolecularily decompose to a perfluoro alkyl anion, CO;
and an aqueous electron which will protonate under the experimental conditions (eq.
2.18).
CF3COOH + hv (A = 172 nm) — CF;COOH" — CFs- + CO, + H- (2.16)
CF3(CF,)6COO" + hv (A < 220 nm) — CF3(CF,)sCOO™ (2.17)
CF3(CF,)sCOO™ + H" — CF3(CF,)s: + CO, + H- (2.18)
The hydroxyl radical concentration in the region near the VUV lamp surface may be
great enough to also lead to PFOA oxidation and perfluoroalkyl radical formation. Since
the photolysis conditions are anoxic (i.e., N, atmosphere) the perfluoroalkylradical will
react at diffusion-controlled rates with HO produced via water photolysis to form the
perfluoroalkyl alcohol (eq. 2.19).
CF3(CF,)¢: + HO- — CF3(CF,)OH (2.19)
The overall degradation mechanism will occur through similar reactions, as seen in
persulfate photolysis (eqs. 2.7-2.14), to yield a perfluoroalkyl carboxylate (PFAC) one -
CF;- unit shorter than the initial species. The produced PFAC will undergo photolysis

until the perfluorinated tail is completely unzipped. PFOS photolytic degradation has
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also been reported” and has a slower photolysis rate, half-life of 5.3 days, than PFOA
under similar conditions ([PFOS]; = 40 uM, A = 254 nm, 32 W, 750 mL, 36-that 40 °C,
N»). Shorter chain perfluorocarboxylates and perfluoroalkyl alcohols were detected as
reaction intermediates. After 50% of the PFOS is decomposed, fluoride accounts for
59% of the decomposed PFOS fluorine. The greater fluoride mass balance than observed
with PFOA is likely due to faster photolysis rates of the PFAC intermediates than of the
initial PFOS.  Direct photolysis of PFOS and PFOA will be negligible under
environmental conditions. Higher energy UV and VUV photolysis can degrade PFOX.
Competitive UV light absorption by solvent and other matrix components will limit
photolysis rates.

Phosphotungstic Acid Photocatalysis

Phosphotungstic acid, H;PW,04, is a heteropolyacid or polyoxometalate that has been

153,154 155-

utilized for photocatalytic degradation of contaminants and as an electron shuttle
157, PW1204O3' is the predominant form when pH < 2 and absorbs light with A < 390 nm.
Upon light adsorption, PW 204> enters a photo-excited state enhancing its oxidation
strength (eq. 2.20).

PW 1,04 + hv (< 390 nm) — PW 504> * (2.20)
PFOA%, PFPA104, and TFA'® have been reported to be decomposed by H3PW,04
photocatalysis. PFOA has half-life of 24 hours during phosphotungstic acid photolysis
([PFOA]J;i = 1.35 mM, [H3PW,040] = 6.7 mM, pH < 2, 9000 W L'l, Xe-Hg lamp, 4.8 atm
0,). After 24 hours of photolysis when 50% of the PFOA is degraded, fluoride accounts

for 20% of the total fluorine. The extent of fluoride production is similar to that observed

during persulfate photolysis, suggesting a similar degradation mechanism where the
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carboxylate  headgroup is  oxidatively removed and a  shorter-chain
perfluoroalkylcarboxylate is formed.

Hori et al.'™ proposed that PW 204> photocatalytic PFEOA decomposition involves a
photo-Kolbe type mechanism where PFOA first complexes with PW 204> (eq. 2.21) and
upon photon adsorption an electron is directly transferred from PFOA to PW 204> (eq.
2.22)'™. Similar to the sulfate radical mechnism, PFOA will decarboxylate to form the
perfluoroheptyl radical. Oxygen is essential to the photocatalytic cycle in that it accepts
an electron from the reduced phosphotungstic acid, PW 204", (eq. 2.23) returning it to
its photoactive state.

CF3(CF,)6COO™ + PW,04¢>” — CF3(CF;)sCOO™PW 504> (2.21)

CF3(CF)sCOO™PW ;040> + hv (< 390 nm) —> CF3(CF,)sCF, + CO, + PW,0407(2.22)

PW1,040" + 0 = PW 15040 + Oy (2.23)
The superoxide produced in eq. 20.13 will protonate when pH < 2 to the hydroperoxy
radical (eq. 2.24) which can act as a reductant for pefluoroalkylperoxy (eq. 2.25) and
perfluoroalkoxy radicals (eq. 2.26). The perfluoroalkylhydroperoxide produced in eq. 25

will likely photolyze to a perfluoroalkoxy radical and a hydroxyl radical (eq. 2.27).

H' + 0, <> HOy (2.24)
CF3(CF,)sCF,00- + HO,- — CF3(CF2)sCF,00H + O, (2.25)
CF3(CF,)sCF,0- + HO,* —> CF3(CF,)sCF,0H + O, (2.26)
CF3(CF,)sCF,00H + hv — CF3(CF,)sCF,0- + HO- (2.27)

The subsequent reactions of the various perfluoroalkyl radicals are analogous to those
found in the sulfate radical PFOA decomposition mechanism, eq. 2.7-2.14. Due to the
slow phosphotungstic-acid-mediated PFOA decomposition kinetics, perfsulfate

photolysis would be a preferred perfluoroalkylcarboxylate oxidation technique since it
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operates by a similar mechanism and its degradation rate is at least an order of magnitude
faster. Phosphotungstic acid has also been shown to enhance the TiO, photocatalytic
degradation rates of PFOA!'® by acting as both an electron shuttle from TiO, to O, and as
a photocatalyst.

TiO, Photocatalysis

TiO, photocatalysis has been shown to degrade a large number of pollutants through
oxidative and reductive pathways'>’. The TiO, photocatalytic degradation of a number
of perfluoroalkyl carboxylates and perfluoroalkylsulfonates was investigated'® and was
observed to be effective for the degradation of the carboxylates but not the sulfonates.
The observation is consistent with investigations of PFOS as an inert, reusable TiO,

106.107.130 ¢ enhance adsorption of hydrophobic contaminants onto TiO,

surface coating
,where PFOS was stable to photolysis periods of up to 30 hours. The TiO, photocatalytic
degradation of PFOA was reported to be quite slow, requiring 60 hours of UV photolysis
to achieve 50% mineralization ([PFOA]; = 4.4 mM, [TiO,];=2.0 g L'l, pH=1,0, A=
310-400 nm, 1500 W L™"). Photonic efficiencies were determined to be less than 1.0 x
10°. The degradation mechanism is postulated to occur via a photo-Kolbe mechanism,
similar to phosphotungstic acid'®, since rates increase with decreasing pH from 2.4 to
1.0'°. The pKa of PFOA is estimated to be -0.5'. The degradation mechanism involves
adsorption of PFOA onto the TiO, and direct oxidation by a TiO, valence band hole (eq.
2.28).

>TiOH-" (hy,') + > CF3(CF,)sCOO” — >TiOH + CF3(CF,)sCF,- + CO,  (2.28)
The subsequent perfluoroalkyl radical reactions will be analogous to those observed

during phosphotungstic acid photocatalysis due to the presence of oxygen. Thus, due to
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kinetic considerations, persulfate photolysis is a more viable perfluoroalkylcarboxylate
oxidation technique.

The TiO; photocatalytic degradation of PFOA is slightly enhanced by the addition of
phosphotungstic acid'®' or by electrophotocatalysis utilizing TiO, with a sub-monolayer
Ni-Cu coating'®. The phosphotungstic acid addition was completed under the same
conditions as listed above TiO, photocatalysis. The optimal phosphotungstic acid
concentration was 0.5 mM, yielding a degradation rate twice as fast as TiO, alone; at
higher concentrations the degradation rate began to decrease. The PFOA half-life during
TiO2/Ni-Cu photocatalysis was 90 min with fluoride accounting for 5% of the total
fluorine ([PFOA]; = 50 uM, A = 254 nm, 90 W L', air). A direct comparison between
the TiO; and TiO,/Ni-Cu systems is not easy due to the variations between [PFOA];,
power density and wavelength used. A rough analysis yields a power density normalized
absolute rate of TiO,/Ni-Cu to be 7.4 times faster than TiO, alone. Applying a potential
of -0.1 V to the TiO»/Ni-Cu system decreases the half-life by a factor of two, 45 minutes,
and increases the fluoride yield at the half-life to 20% of the total fluorine. The authors
state that PFOA is photoreductively degraded, yet the majority of the fluorine is
accounted for by shorter chain perfluoroalkylcarboxylates, which would suggest an
oxidative mechanism. A reductive mechanism would be expected to defluorinate rather
than decarboxylate. Electrochemistry using a boron-doped diamond electrode has also
been shown to degrade PFOA'®,

Fe(Il)/Fe(111) Photocatalysis

Photolysis of Fe(Ill)-carboxylate complexes involves charge transfer from the

carboxylate functional group to the Fe(Ill). For example, ferrioxalate photolysis'®* %

will yield two CO, molecules under oxic conditions and is commonly used as a chemical
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actinometer. Perfluoroalkylcarboxylates (C,-Cs) have been observed to decompose
during UV photolysis in the presence of Fe(IlI)'*’ ([PFC]; = 67.3 mM, [Fe*']; = 5.0 mM,
pH = 1.5, 49 atm O, Xe-Hg Lamp, 9000 W L™). The Fe(Ill) photolysis PFC
degradation half-life is approximately 20 hours with fluoride accounting for 45% of the
total fluorine after 50% of the PFC is degraded. The fluoride yield is nearly double that
of other PFC direct electron transfer oxidations. Low pH aqueous iron photolysis can
also initiate indirect oxidations through photo-Fenton chemistry'**. Fe(I1I)-
perfluorocarboxylate photochemistry is postulated to react by chemistry similar to the
analogous hydrocarbons. Initially, aqueous Fe(Ill) will complex with the PFAC (eq.
2.29). Fe(IIT)-PFAC UV photon adsorption results in a charge transfer from the PFAC to
the Fe(III) yielding Fe(IT), CO; and a perfluoroalkylradical (eq. 2.30). The perfluoroalkyl
radical will follow the chemistry observed in other oxic systems as well as additional
oxidative chemistry due to Fenton chemistry. The O, reduction by Fe(II) will regenerate
Fe(III) (eq. 2.31).
CF3(CF,);CO0O" + Fe'* — [CF3(CF,);COOFe’ ** (2.29)
[CF3(CF»);COOFe* T*" + hv (A < 300 nm) — CF3(CF,),CF,- + CO, + Fe** (2.30)
Fe’ + 0, > Fe’ + 0, (2.31)
The photolytic Fe(Ill) degradation of PFCs follows a similar mechanism as the other
oxidative degradations, in that an electron is removed directly from the carboxylate group
leading to decarboxylation and formation of a shorter chain PFAC through a series of

subsequent reactions.
PFOX Reduction

PFOS and PFOA oxidation is slow due to the high electronegativity of the fluorine

atoms coating the carbon chain. Per- and poly-halogenation is a common chemical
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attribute found in environmentally persistent pollutants as they are oxidatively protected.
For example, the Stockholm Convention greatly restricted the use of the most persistent
organic pollutants (POPs) such as chlordane, DDT, hexachlorobenzene, polychlorinated
biphenyls, and polychlorinated dioxins. All of these organics were partially chlorinated
with 0.3 < Cl/C < 1.2 and <Cl/C> = 0.63. For comparison, PFOS and PFOA have a F/C
~ 2 and fluorine is more electronegative than chlorine. PFOS is being reviewed for
addition to the Stockholm Convention POP list along with organics such as
polybrominated diphenyl ethers, hexachlorocyclohexane, and endosulfan'®. Reductive
dehalogenation'®'"* has been utilized to remediate persistent halogenated organic
contamination, leading to an increased susceptibility to oxidation and thus reduction of
their environmental persistence. Once dehalogenation is complete, the organic ceases to
be further reduced. A subsequent oxidative, microbial, or pyrolytic/combustion step is
required to completely mineralize the reduced halo-organic.

Reductive remediation of perfluorocarboxylates and perfluorosulfonates is

99,175,176

feasible . For example, PFOS can be reduced by elemental iron, Fe(0), in water

under high-temperature, high-pressure conditions (e.g., 350 °C, 20 MPa)'’®. Unsaturated
per- and poly-fluoroorganics (i.e., those containing aromatic, benzylic, olefinic, and
tertiary functional groups) will readily reductively defluorinate'”’'**. Fluoroorganics
containing only secondary and primary C-F bonds are difficult to defluorinate due to low
reduction potentials (E < -2.7 V)'®!'®_ Only the aqueous electron and elemental alkali

and alkaline metals have lower standard reduction potentials. Reductive defluorination

178,179,183,185-187

kinetics are influenced by a number of FC chemical properties and

188

electron-donating strength of the reductant ™. For example, branched PFOX is observed

to have faster reduction kinetics than linear PFOX”"'¥.
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Sub-Critical Elemental Iron Reduction
Elemental iron, Fe(0), is a reductant and has been utilized for remediation of natural
water halocarbon contamination due to iron’s natural abundance and nontoxicity. Fe(0)

has a reduction potential of - 0.447 V (eq. 2.32) and has been shown to reduce a large

number of halocarbons'¢!°% 1!

Fe’— Fe?* + 2 ¢, Ey = 0.447 (2.32)

Fe(0) reactive barriers have been applied in the field to degrade chlorinated solvents and

192-194

other chemicals in groundwater . Recently, nano-Fe(0) has become popular due to

173,174,195

the increased reactive surface area and thus reduction kinetics Alternatively,

bimetallic systems using metals such as Pt(0), Ni(0), or Pd(0) at percent levels with Fe(0)

196-198

have also shown faster reduction kinetics and are postulated to be H-atom

production catalysts'**>"

. The application of sub-critical water with the Fe(0) has been
used to enhance reaction rates and mass transfer for remediation of soils and
sediments'’*'"**"! " Sub-critical Fe(0) has been shown to degrade PFOS'’®, PFHS'”, and
shorter-chain perfluoroalkylsulfonate components of an anti-reflective coating ([PFOS]; =
370 pM, [Fe(0)] = 50 g L, 350 °C, 200 atm, Ar). The sub-critical Fe(0) PFOS
degradation half-life is 45 minutes, with fluoride accounting for 55% of the total fluorine
after 6 hours. No shorter-chain carboxylic acids were observed suggesting that reductive
defluorination is the primary degradation mechanism. Application of a subsequent
oxidation step could completely mineralize PFOX.

UV-KI Photolysis—Aqueous Electron Reduction

The aqueous electron is a powerful one-electron reductant, E = -2.87 V*. The aqueous
electron is characterized by an electron surrounded by a shell of 5 water molecules, and is

202

also known as the hydrated or aquated electron™ . The aqueous electron can reduce most
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127,171,203-206
T, . Electron

halogenated contaminants at near diffusion-controlled rates
tunneling leads to activation energies for reaction with halogenated organics that are
invariable and small (6 to 30 kJ/mol)*”’. Reaction rates of the aqueous electron with

fluorinated compounds have been reported'’s!7%:186:187.208

. Organic fluoro-saturation
decreases aqueous electron reduction kinetics, since fluorine doesn’t have any low-lying

vacant d-orbital to accept an electron. As fluoro-saturation increases the rates tend to

decrease (i.e., rates are fastest for tertiary fluorocarbons, then secondary, then primary).

209 210

Aqueous electrons can be produced by radiolytic’”, photolytic*'®, chemical'®’, and

1 212-214

direct injection®'' methods. In surface waters, the photolysis of humic materials

and hard-UV photolysis of water””

are the most common sources of natural aqueous
electrons which have a steady-state concentration of 107> M. Second-order reaction rates
of aqueous electrons with perfluorocarboxylates have been determined to be on the order
of 10’ M"'s™ using pulse radiolysis and flash photolysis methods'**'*’. This is the fastest
reported second-order rate constant of these perfluorocarboxylates with any chemical
species (e.g., Kprostno~ Kpros+sos- ~ 10 M s'l). Pulse radiolysis experiments186
reported kppos+e(M'1 s'l) > kaOMQ(M'1 s'l), suggesting sulfur-containing PFOS is easier
to reduce. Batch reactions utilizing the aquated electron (€. , E°qe = — 2.9 V), produced
by iodide photolysis, are observed to decompose both PFOS and PFOA ([PFOS]; =
[PFOA]; = 200 nM, [I'] = 10 mM, A = 254 nm, 40 W L™, Ar). Aquated electrons are
generated from UV-photolysis of aqueous iodide solutions via charge-transfer-to-solvent
(CTTS) states (eq. 2.33).

I'+hv = I*crrs = I+ €ag (QY 248 am = 0.286)°" (2.33)
Fluoride is produced as a nonstoichiometric product, 10% for PFOA and 50% for PFOS,

and thus the initial PFOX molecule is degraded but not completely destroyed by
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aqueous-electron-based reductive methods. Prior to complete defluorination, the ionic
headgroup is reductively cleaved to yield an unsaturated, gaseous fluorochemical. The
process is photocatalytic, as I-atom carriers (i.e., I°, L", I3") and aqueous
iodofluorocarbons will readily react with reducing species such as e,q, H" to regenerate I,
the photo-active species.

Perfluoroalkyl carboxylate or sulfonate (C,F2,+1X; n = 8, X = SO; for PFOS; n =7, X
= CO; for PFOA) reaction with the aquated electron, e, yields the corresponding
radical anion (CpFan1 X", eq. 2.34). The radical anion will quickly decompose via
fluoride elimination in an aqueous environment to yield a perfluoroalkyl radical
(CuF2nX™, eq. 2.35). The electrophilic perfluoroalkyl radicals will oxidize iodide to yield
the perfluoroalkyl carbanion (C,F2,X”>, eq. 2.36). Perfluoroalkyl radicals may also react
with e,q to also yield an aqueous perfluoroalkyl carbanion which will protonate (eq.
2.37), or with I® carriers (i.e., I°, ,", I;") to yield a perfluoroalkyl iodide (C,F,IX, eq.
2.38). The perfluoroalkyl iodide may be converted back to a perfluoroalkyl radical via
photolytic homolysis of the C-I bond (eq. 2.39), or by reaction with e,q to yield the
radical and I" (eq. 2.40). An overall H/F exchange may also occur via reaction of a

fluoroalkyl radical anion (C,F»,X"") with an H® (eq. 2.41).

CoFan1X + €2y = CoFane X (2.34)
CoFont1 X = CoFon X + F (2.35)
CoF2nX" 4T = CuFp X +1° (2.36)
CoF20X" + €4 = CaF2nX” (2.37)
CoFonX” +1° > CyF ol X (2.38)

CoFanlX + €4q” —> CoFonX™ + T (2.39)



38

CoFonX® + H/H,0 — C,FHX (2.40)
CoFuX” + H — C,F, HX (2.41)
If an H/F exchange product retains the anionic carboxylate or sulfonate terminal group, it
will remain in the aqueous phase and proceed through sequential H/F exchanges.
Subsequent e,q reductions with partially defluorinated intermediates (CnF2nIX", CoF2n1X,
or CoF2HX) should be faster than the initial defluorination step'™'. After partial
reductive defluorination of PFOX, the ionic headgroup is cleaved. Ionic headgroup
cleavage yields a neutral, polyfluorinated organic, which preferentially partitions to the
gas-phase. The gaseous fluoroorganic could be completely destroyed using thermal or
plasma techniques.
Alkaline 2-Propanol Photolytic Reduction
Photolysis of alkaline 2-propanol will catalytically yield the isopropyl radical through
various radical chain initiation and propagation steps. The isopropyl radical has been
reported to dechlorinate PCBs and pesticides®'®>'®. Photolytic production of a strong
one-electron oxidation, Ox®, will abstract an H-atom from 2-propanol to yield the
isopropyl radical (eq. 2.38)%, (CH3),COH, which under alkaline conditions will

deprotonate to yield (eq. 2.39)*", (CH3),CO®, a stronger reductant (egs. 2.40-2.41).

(CH3),CHOH + Ox* — (CH3),COH + Ox” (2.38)
(CH3),COH « (CH;3),CO* + H™ (pKa = 12.03) (2.39)
(CH3),CO + e,y + H — (CH3),COH (E=-1.4 V) (2.40)
(CH3),CO + e,y — (CH3),CO" (E=-2.1V) (2.41)

UV photolysis of alkaline 2-propanol” has been observed to decompose PFOS with a

pseudo-first-order half-life of 17.8 hours ([PFOS]; = 40 uM, [NaOH]; = 90 mM, A = 254
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nm, 43 W L, T = 38-50 °C, N,). The branched PFOS isomers degraded faster than the
linear isomers consistent with electrochemical perfluoroorganic reduction where

. . . . : 183,184
increased PF branching yielded easier reductions ™

. The primary product observed
during the reduction is NaF(). Similar to aqueous electron reduction, perfluoroalkyl
carboxylate or sulfonate (C,F2,+1X; n =8, X = SO3 for PFOS; n =7, X = CO, for PFOA)
reaction with (CH3),CO" yields the perfluoroalkyl radical and fluoride (eq 2.42). The
produced perfluoroalkyl radical will then abstract an H-atom from 2-propanol to

propagate the radical chain (eq. 2.43). Radical chain termination would occur via

reaction of two radicals (eq. 2.44).

(CH3)2CO._ + CpFrpi1 X — (CH3)2CO + CannX._ +F (242)
C,Fon X" + (CH3),CHOH — C,F,,HX + (CH3),COH (2.43)
CannX._/(CH3)2C0._ + C Fp X' > (2.44)

The radical chain mechanism makes alkaline 2-propanol an efficient PFOS degradation
technology. A degradation mass balance has yet to be completed.
B1» Mediated Reduction
Vitamin By, is a class of cobalamins, a cobalt ion complexed tetrapyrrole or corrin ring,
which in certain forms are metabolically active coenzymes that catalyze rearrangement
and methylation reactions®*’. Various B}, cofactors have been shown effective for the
dechlorination of a number of organics such as PCE, TCE, CCly, and HCB**'?**. The
complexed cobalt ion is reduced to active Co(I) through two one-electron transfers (egs.
2.45-2.46)*%?% which can be completed in aqueous solution using Ti(IIl)-citrate as a
bulk reductant (eq. 247
Bi2.[Co(IID)] + ¢ — B2 [Co(I)] (E’=-0.11V, pH=9) (2.45)

B2 [Co(I)] + & — B1a[Co(I)]  (E°=-0.85, pH =9) (2.46)
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Ti(IIl)-cit — Ti(IV)-cit + e (E’=-0.7, pH =9) (2.47)
The B,-Co(I) has been postulated to reduce TCE by two mechanisms: an outer-sphere

one-electron transfer’>>228

yielding chloride and a radical (eq. 2.48), followed by decay
of the radical (eq. 2.49)

Bi2-Co(I) + Cl,C=CHCI — B),-Co(II) + CIC=CHCI + CI (2.48)

CIC=CHCI — CIC=CH + CI- (2.49)

or a nucleophilic attack by Bj»-Co(I), one of the strongest known nucleophiles™®,

yielding a carbanion®*****

(eq. 2.50) which is transformed to the reduced form (eq. 2.51).
B12-Co(I) + Cl,C=CHCI — B»-Co(III)Cl,CCHCI (2.50)
B1,-Co(III)CL,CCHCI + ¢ + H" — By»-Co(II) + CIHC=CHCI + CI (2.51)

The overall TCE B, reduction mechanism eventually yields acetylene as a final product.
Vitamin B, has recently been shown to be an effective electron transfer mediator for
the reduction of PFOS'®, with Ti(III)-citrate used as the bulk electron source ([PFOS]; =
332 uM, [Ti(ID)-cit] = 36 mM, 70 °C, pH = 9.0). Reduction kinetics were determined to
be 12.3 times faster for branched PFOS (1, = 33 hrs) then linear PFOS (711, = 410 hrs).
The faster kinetics for the branched form are consistent with reduction potentials

increasing as branching increases %1%

. The branched form of PFOS gave a greater F°
yield per PFOS degraded, [F']/[PFOS]prdee = 12 vs. [F]/[PFOS]iingee = 3, implying a
change in the overall reduction mechanism. Ti(Il)-citrate was also observed to reduce
PFOS, but at a significantly lower rate than when using B, as a electron transfer

mediator. As with the Fe(0) reduction of PFOS and PFHS, a greater-than-standard

temperature is required to drive the reaction on a reasonable time scale. The ability of



41

B, to reduce PFOS, suggests that it may be possible for anaerobic bacteria to decompose

perfluorochemicals and that it is more likely for them to degrade nonlinear PFCs.
PFOX Thermolysis

The high-temperature processing of organic materials will lead to pyrolytic reactions in
the absence of oxygen and combustion reactions in the presence of oxygen. The
thermolysis of fluorochemicals has been documented experimentally under more

230-241

controlled conditions to determine individual reaction kinetics and mechanisms and

8RHLIB o other thermal

under more industrial conditions to test incinerability
degradation processes®*>. A comprehensive experimental and theoretical database of C;
and C, fluorochemical pyrolytic and combustion mechanisms, thermochemistry, and
kinetics has been reported’”.  Fluorochemical C-C bonds (100 kcal/mol) in a
fluorochemical will break prior to C-F bonds (120 kcal/mol) to yield fluoroalkyl radicals.
The fluoroalkyl radical produced will be electrophilic and less stable towards thermal
decomposition than the parent compound. Pyrolysis of longer perfluorochemical chains
will tend to yield tetrafluoroethene, C,F4, difluorocarbene, CF,, and the trifluoromethyl
radical, CF; as the primary C; and C, products. Under combustion conditions, these
radicals are readily transformed into CO, CO,, and HF 243

Thermal degradation of solid PFOA and PFOS salts***?*® and gaseous PFOA (acid and
ammonium salts)>***" has been reported. The primary products during the thermolysis
of perfluoroalkylcarboxylates are the analogous 1H-perfluoroalkane for the salts (NHy4',
H', eq. 2.52)"%*****7 and the perfluoroolefin as well as the acyl fluoride and the
anhydride for metal salts (Na", K*, Ca®", etc.)*”. A similar mechanism may be expected

for perfluoroalkylsulfonates (eq. 2.53), as the C-S bond has been observed to be mostly

broken during PFOS pyrolysis**®.
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CF3(CF2)6COO'NHy 5 or ) + A = CF3(CF2)sCF2H(g) + COa) + NH3y  (2.52)

CF3(CF2)7S05K s or g) + A = CF3(CF,)sCF=CFy) + SO3¢ + K'F)  (2.53)
A C-C bond breaking mechanism may also be the initial unimolecular decomposition
step as observed in perfluorohexane pyrolysis™'. A comparison of the extent of pyrolysis
of similar carboxylate and sulfonate salts**® reveals temperatures required for equivalent
sulfonate salt decomposition to be 100 to 200 K greater than the corresponding
carboxylate salt. The acid and ammonium salts are thermally converted to 1H-

perfluoroalkane®* %’

and have a significantly lower decomposition temperature since no
C-F bonds are broken. Thermolysis in the presence of ethylene glycol also primarily
produces thelH-perfluoroalkane®® suggesting that the perfluoroalkylanion is a weaker
acid (pKagocmacmon = 14.2).The produced perfluoroolefin or 1H-perfluoroalkane will

231,243
< If water

undergo further pyrolytic reactions to eventually yield C,Fs and C,F4
and/or oxygen are present, the primary end-products will be CO, CO,, and HF.

Incineration

Combustion is the most common thermal treatment of waste. Incineration, a
combustion-based process, is one of the oldest chemical destruction techniques and today
the waste heat from incineration can be converted usable energy. Incineration involves
heating a substance to >1000 °C for at least 2 s. Incineration is commonly used in
countries where land is scarce and solid waste must be thermally processed, > 95%, prior
to landfill disposal. The test for determining the applicability of incineration for a
chemical is to detemine the temperature at which > 99% of a chemical is destroyed after
2 s of applied heat. A number of fluorochemicals have been tested for incinerability. A
fluorotelomer based acrylic polymer was found to be > 99% destroyed at 950 °C as a free

3

polymer and at 700 °C when coated on a fabric'">. Carbon tetrafluoride, CF,, one of the
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most recalcitrant fluorochemicals, will be > 99% destroyed under incinerator
conditions®®. CF4 has an estimated atmospheric lifetime of > 50,000 years with the

dominant degradation pathway being diffusion into high-temperature incinerators and

249

power plants™”. Laboratory scale studies have shown PFOS and perfluorosulfonamides

to be > 99% destroyed at 600 °C*****°. Gas-phase NMR studies have determined the >

99% destruction temperature for various PFOA salts to be in the range of 300-350

°C»%%*7  Therefore, incinerator conditions will be sufficient to completely destroy

fluorochemicals in polymer, coating, and monomer forms. Incineration is most energy
efficient for solid wastes, since all the heat will go into destroying the contaminant in
question. Highly concentrated aqueous fluorochemical solutions and fluorochemicals
adsorbed to a solid matrix could also be incinerated, but energy will be wasted on
destroying the matrix.

Sonochemistry

Sonochemistry is the driving of chemical reactions by application of an acoustic field to

251-253

a solution The chemistry is generated by acoustic cavitation of microscopic

bubbles and has been utilized for the decomposition of a number of aqueous chemical

254-258 259-261

contaminants including chlorocarbons and perfluorocarbons’****. Application

of ultrasonic field to an aqueous solution initially nucleates cavitation bubbles which will

251,263-266

undergo stable and transient bubble collapse events Transiently collapsing

bubbles generate the observed chemistry. After expanding to a radial maximum,
transient bubbles undergo a quasi-adiabatic compression and the PdV energy is converted

into kinetic energy of the trapped gas molecules. Transient bubble collapses generate

267,268
K=°"

average vapor temperatures near 5,000 and much higher bubble vapor core

269,270

temperatures (> 10,000 K), which generate sonoluminescence Hot vapor will
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collide with the collapsing bubble wall; transfer of heat from the vapor to the bubble wall
will generate interfacial temperatures measured to be at least 800 K**'**°. Water vapor
within the collapsing bubble will pyrolyze to yield an H-atom and a hydroxyl radical (eq.
2.54), the hydroxyl eventually pyrolyzes as well to yield an O-atom and an H-atom (eq.
2.55)"",
H,O0 + A — HO- + H- (2.54)
HO-+ A —> O +H- (2.55)
The radicals produced will react preferentially with chemicals partitioning to the bubble
gas-phase. A fraction of the radicals will be transported to the bubble interface and a
smaller fraction to the bulk aqueous phase where they can react with aqueous
contaminants. Chemicals preferentially partitioning to the bubble vapor will decompose
via pyrolytic and combustion reactions™". Hydrocarbon surfactants will degrade via
hydroxyl radical oxidation at the interface’’'. Surfactants that are difficult to oxidize,
such as PFOS and PFOA, will pyrolytically decompose at the bubble-water interface’.
Sonochemistry has been observed to degrade PFOS and PFOA® with the primary ionic
products being fluoride and sulfate ((PFOS]; = 20 puM, f =200 kHz, 200 W, 3 W/cm?, 20
°C, argon). Under these conditions the sonochemical half-life of PFOA was 22 minutes
and of PFOS was 43 minutes. The initial decomposition step was determined to occur at
the bubble-water interface. Time-dependent product analyses during PFOS and PFOA
sonolysis was used to investigate the mechanism and kinetics of the overall degradation
process ([PFOS]; = 10 uM, f = 358/618 kHz, 250 WL, 6.4 W/cm?, 10 °C, argon)***.
Under these conditions, the decomposition half-life was reduced to 17 and 26 minutes for
PFOA and PFOS, respectively. The nearly immediate production of mineralized fluorine

(fluoride), sulfur (sulfate), and carbon (CO and CO,) products after decomposition of the
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initial perfluorinated surfactant implies that sonochemical PFOS/PFOA mineralization
(i.e., conversion to inorganic products) has overall kinetics similar to the decomposition
of the perfluorinated surfactant (eq. 2.56),

—d[PFOX] d{Mineralization}
dt dt (2.56)

or that the primary intermediates produced from PFOS and PFOA sonolysis have much
shorter half-lives than their parent surfactants. Assuming that the initial decomposition
step is pyrolytic, the primary fluorochemical intermediates are expected to be
perfluoroolefins and 1H-perfluoroalkanes, egs. 2.52-2.53. The high Henry’s constants’
of the primary fluorochemical intermediates favor partitioning into the bubble vapor
,where they will be pyrolyzed into their C, fluororadical constituents (eq. 2.57)>"*"2.
CF3(CF»)sCF,H) + A — CF3+ 5 :CF, + CF,H (2.57)
The C; fluororadicals will subsequently react with H,O, HO-, H:, and O-atom in the
bubble vapor to yield CO, CO,, and HF**. More recent studies have shown that
perfluorochemical adsorption to acoustically cavitating bubble interfaces is enhanced
when the bubble interfaces are lightly populated. The adsorption enhancements increase
the effective concentration of dilute perfluorochemical solutions by 1-2 orders of
magnitude. Sonochemical degradation studies on groundwater containing
perfluorochemicals have shown that organic content has only minimal effects on
decomposition rates, even when organic concentrations are many orders of magnitude

greater than fluorochemical concentrations, due to preferential adsorption of PFCs to the

bubble-water interface.

PFOX Degradation Technology Summary
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In Tables 2.1 & 2.2 we have compiled the aqueous PFOX degradation parameters for
the most viable techniques: reactions conditions, initial concentrations, degradation
kinetics, degradation products, and energy required to reduce the initial PFOX
concentration by 50% and the energy required per pmole. However, neither the absolute
or normalized energy is optimal for comparison of the reviewed techniques. As [PFOX];
increases, the inherent efficiency of any chemical process will also increase if the
concentration is below kinetic saturation. For example, see the data on UV-KI or
sonolytic degradation of PFOX at [PFOX]; = 200 nM vs. 20 uM. In both cases for PFOS
and PFOA the absolute amount of energy required for 50% degradation decreases by 45—
75% upon decreasing [PFOX]i. However, since the concentration decreases by 2 orders
of magnitude, the energy required to degrade a pmole of PFOX will increase by at least
an order of magnitude.

In terms of reaction conditions, the techniques with no chemical additives such as
photoelectrocatalysis, sonolysis, and direct photolysis are advantageous. Although, the
sulfate (persulfate), TiOx), iron (Fe(0), Fe*'/Fe’™), and iodide (UV-KI) are relatively
innocuous and shouldn’t be an environmental issue. Sub-critical Fe(0) has safety
implications of operating under high-pressure, high-temperature conditions.”” Acoustic
and UV-based systems will require reactor cooling.

A comparison of degradation kinetics will be headgroup dependent (i.e, PFOS and
PFOA have dissimilar degradation rates). PFOA is more kinetically susceptible to
oxidative, and photolytic processes, whereas PFOS is more susceptible to reductive
processes. Both PFOS and PFOA are susceptible to sonolysis, a thermal-based process.
For example, PFOA has a degradation half-life less than 60 minutes by direct photolysis

(A = 195 nm), persulfate photolysis (A = 254 nm), photoelectrocatalysis, and sonolysis,
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and PFOS has a degradation half-life under 60 min for sub-critical Fe(0) and sonolysis.
Sonolysis is the only technique that has been shown to quickly degrade both as it can
create incinerator level temperatures, if only for a short (ns) period of time. Kinetics will
be of importance in flowing systems where the aqueous PFOX will only be in the reactor
for a finite period. Whereas there are batch reactor cases (e.g., manufacturing waste)
where treatment time is not a factor and the kinetics will be relatively unimportant.

PFOX degradation products are dependent upon whether the technique used is
oxidative, reductive or thermal. Thermal methods, such as sonolysis and incineration,
have a distinct advantage. PFOX is sonolytically mineralized to F, SO42', CO, and CO,
nearly immediately after the initial degradation step.  Thus PFOX sonolytic
mineralization efficacy is equivalent to its degradation efficacy. Reductive methods,
such as sub-critical Fe(0), UV-KI, and UV-NaOH-IPA, will to some extent defluorinate
PFOS and PFOA. Defluorination will yield either an olefin or a hydride which will be
easier to oxidize than PFOX. However, even partially fluorinated species have long
environmental lifetimes. For example, fluoroform, CF3H, has an atmospheric lifetime of
250-390 years.””* Direct photolytic and oxidative processes are weakest in terms of
degradation products. Oxidation of PFOX cleaves the headgroup and after a series of
subsequent reactions the highest yield product is a perfluorocarboxylate with one less -
CF,- group, which is just as recalcitrant as the initial compound. For example, persulfate
photolysis is one of the most energy-efficient processes for PFOA degradation, but would
require approximately 50x more energy to completely mineralize PFOA, which is similar
to the energy requirement for sonolytic mineralization.

As discussed earlier, it is difficult to directly compare energetic efficiencies due to

factors such as initial concentration used and whether interest is in initial PFOX
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degradation or complete mineralization. Tables 2.1 & 2.2 can be used for a rough
measure of which treatment technology is energetically viable. The PFOX treatment
technology utilized will strongly depend on the situation in question and the desired
results. For example, our group has shown that sonolysis is a viable method for the
degradation of PFOX in groundwater, even though they were at relatively low
concentrations, 100 ppb, as compared to other matrix components. This is a result of
PFOX being strong surfactants and thus will preferentially adsorb to the bubble-water
interface, the active site in sonolysis, over other chemical species. Redox and photolytic
methods would have a much greater loss of efficacy when utilized to degrade PFOX in
groundwater due to reactive radical scavenging by NOM, dissolved and solid metals, and
co-contaminants.

It is of note that none of the reviewed methods approaches the normalized energy for
production of PFOX. The concentration effect (i.e., production concentrations are much
greater than waste/water concentrations) is a major factor in this deficiency. Assuming
C-F bond formation is the most energetically consuming step in producing PFOS, we will
make a rough estimate of energy per umole to produce PFOS. Electrochemical
conversion of octanesulfonyl fluoride to perfluorooctane sulfonyl fluoride is completed in
concentrated HF with an applied voltage of 4-7 V, 2 electrons are required to convert C(-
I)-H to C(+])-F, and there are 17 C-F bonds in PFOS. Thus approximately 1.31-2.28 x
10* kJ mol™ or 1.31-2.28 x 10 kJ umol™ is necessary to create PFOS—a value orders of

magnitude greater than the energy required for sonolytic mineralization of 10 uM PFOS:

95 kJ pmol”'. Therefore, investigations into the energy usage optimization of the
currently reviewed methods, as well as research into new techniques for aqueous PFOX

removal or degradation, would be fruitful in reducing the overall environmental impact of
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this class of chemicals. Hybrid methods containing two or more of the previously stated
techniques are likely to be viable solutions. For example, we have found that the iron and
DOC levels in leachate reduce the PFOS and PFOA sonolytic degradation rates by
factors of four and three, respectively. However, the sonozone process® *"°, the
simultaneous application of ozone and ultrasound, nearly rectifies the rates to those
observed under pristine conditions. Further investigations are needed into novel oxidative

and reductive techniques as well as hybrid (synergistic) remediation techniques to

degrade particularly recalcitrant pollutants such as aqueous PFOS and PFOA.
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Tables
Table 2.1. Summary of technologies for aqueous PFOA degradation
Technique Conditions Power/Vol. k(lab)? Product” Energy® Ref.
o
UV Direct  135mMPFOA  22mL 0.69 d” RN 792,000k] o
. _ _ . 0 )
Photolysis A =220-460 nm 200 W Ti = 1440 min 65% PFacids (1,170 kJ/pumol)
1.35 mM PFOA o o
Phosplllg) \tfmgsﬁc A=220-460nm  22mL 2.0d" 229/0/"502 276,000k o
Photocatalysis 2211\&1331? [i 200 W T12 =500 min 70% PF acids (410 kJ/umol)
1.0 mM PFOA i o o
TiO, A=310-400nm 50 mL OO RN 132,000k] 11
Photocatalysis pH 2-3 75 W R min o2 (265 kJ/umol)
UV Direct 50 uM PFOA 1000 mL 0.017 min™ 10% F° 49 kJ 94
Photolysis A =185nm 23 W Tip =41 min 90% PFacids (1 kJ/pmol)
UV Persulfate 5}(3 i I\Z/ISI;FOA 1000 mL 0.012 min™ 5% F 69 kJ 94
Photolysis iy Sné)nz_ 23 W 12 = 58 min 95% PFacids (1.2 kJ/umol)
. 28
1.35 mM PFOA
UV Persulfate 229 2000M 5 g 0.69 b 12% F° 33,600k) 100
Photolysis : pH 23 2 200 W Ti2 = 58 min 85% PFacids (50 kJ/pmol)
10 mM S,05™
Photocatalysis 50 uM PFOA 250 mL 0.0077 min™" 10 % F 500 kJ 103
TiO»/Ni-Cu A =254 nm 23 W 12 = 90 min 90% PFacids (20 kJ/umol)
Photoclectro- DHVTOR  2s0mL 0.015 min” 20% F° 250 kJ 03
TiO, /13{1- cu o Vnm 23 W 15 = 45 min 80% PFacids (10 kJ/umol)
Persulfate 2'5 ians f EE’IA 200 mL 0.0096 min™ ~10* M 1300 kJ 102
Photolysis 50 MM S,05> 60 W Ti2 = 72 min SO, + PFBA® (1.0 kJ/pmol)
Hydrogen 2.5 mM PFBA 200 mL 3.0e-5 min™ w/a 420000 kJ 102
Peroxide A =254 nm 60 W T12 = 23100 min (320 kJ/pmol)



Photolysis

Flash Photolysis

Sonolysis

Sonolysis

UV-KI
Photolysis

UV-KI
Photolysis

Ferro-photolysis

250 mM H,0,

5e-5 M Fe(CN)g
0.02-0.1 M
PFOA

20 uM PFOA
f=354 kHz

200 nM PFOA
f=354 kHz

20 uM PFOA
A =254 nm

200 nM PFOA
A =254 nm

2.5mM
Fez(SO4)3
67 mM PFBA
A =220-460 nm

266 nm
10 ns
3 mJ/pulse

150 W
600 mL

150 W
600 mL

1.5W
30 mL

1.5W
30 mL

200 W
105 mL

- 107 M'lsld n/a

0.018 min’!

o _
1:1/2239min 3% E

0.047 min™!

o) -
Ti2 = 15 min PNE
o) -
0.0014 min™ ;fsfois
T2 = 500 min fluoroalkanes
o) -
0.0025 min™ glfsg’ois
T1/2 = 280 min fluoroalkanes
4 45% F
0.028 h i 55% short
T12 = 1490 min :
chains

51

1
n/a ¥

670 kJ 279
(67 kJ/umol)

260 kJ 279
(1300 kJ/umol)

1500 kJ
(150 kJ/pmol)

820 kJ
(8200 kJ/pumol)

89400 kJ 167
(2.7 kJ/ pmol)
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Table 2.2. Summary of technologies for aqueous PFOS degradation

Technique Conditions Power/Vol. k(lab)® Products® Energy® Ref.
Sub-Critical 10 *M PFOS 0.013 min" _ 2,000 kJ 176
0.5 g Fe(0) 10 mL . 50% F
Fe(0) 350 °C. 20 MPa T12 =53 min (11 kJ / umol)
UV Direct 40 uM PFOS 32 W 0.13 day™ 71% F 17,000 kJ 99
Photolysis A =254 nm 750 mL T12 = 7700 min 90% SO4* (850 kJ / pmol)
UV Alkaline 40 uM PFOS 32 W 0.93 day™ NaF 2,500 kJ 99
IPA Photolysis A =254 nm 750 mL 1,5, =1070 min © (125 kJ / pmol)
Sonolvsis 20 uM PFOS 150 W 0.011 min™ 95% F° 945 kJ 279
Y f=354 kHz 600 mL Tp=63min  100%S0,~ (95 kJ/umol)
Sonolvsis 200 nM PFOS 150 W 0.023 min™ 95% F- 450 kJ 279
y f=354 kHz 600 mL Tp=30min  100%S0s (4500 kJ/umol)
UVKI 20 uM PFOS 15W 0.002 min 0% F 960 kJ
Photolysis A=254 mm 30mL typ=350 min S0% (96 kJ / pmol)
[KI]=10 mM 12 fluoroalkanes
UVKI 200nMPFOS ) 5w 0.008 min" 0% F 260 kJ
Photolysis % =254 nm 30 mL T12 = 87 min S0% (1250 kJ/pumol)
[KI]=10 mM 12 fluoroalkanes
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