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ABSTRACT OF THE DISSERTATION 

 
 

Understanding Structure‒Reactivity Relationships for Aqueous Per- and Polyfluoroalkyl 

Substances (PFAS) within the UV/Sulfite System  
 

 

by 
 
 

Michael James Bentel 
 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, December 2020 

Dr. Jinyong Liu, Chairperson 

 

 

Per- and polyfluoroalkyl substances (PFAS) comprise a large class of chemically stable 

compounds causing ubiquitous pollution. Their detrimental effects to humans and the environment 

are exacerbated by their mobility in aquatic systems. Effective and efficient methods are necessary 

to chemically destroy these aqueous contaminants. This thesis study focuses on understanding 

structure-reactivity relationships of aqueous PFAS within the UV/sulfite system, developing and 

optimizing this system for effective and efficient PFAS destruction, and identifying next-generation 

PFAS design for rapid and complete defluorination.   

 A photochemical system equipped with a 254 nm Hg lamp is used to irradiate an aqueous 

solution amended with a photosensitizer (i.e., sulfite, SO3
2–), spontaneously generating reactive 

hydrated electrons (eaq
–) and sulfite radicals (SO3

⦁–), in order to probe the reactivity with PFAS. A 

systematic investigation using the UV/sulfite system reveal critical structure–reactivity 

relationships for legacy (e.g., carboxylates, sulfonates, and telomer carboxylates) and emerging 

(e.g., ether carboxylates) aqueous PFAS. Decay kinetics, transformation products, and 

defluorination (i.e., percent C–F bond cleavage) results highlight distinct reaction pathways. 
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Quantum chemical calculations on bond dissociation energies and reaction simulations provide 

mechanistic interpretation of experimental results in order to elucidate destruction pathways.  

 System parameters, including solution pH and photosensitizer concentration, are optimized 

to achieve the deepest and most efficient defluorination. Kinetic studies reveal competition between 

reductive and oxidative defluorination mechanisms directly influencing overall system 

performance. Increased reactivity and deeper defluorination is achieved under increasingly basic 

conditions, where the reaction pathways with SO3
2– are thermodynamically mediated.   

Effective and efficient PFAS treatment within the UV/sulfite system is highly dependent 

on structure. Perfluorocaboxamides (PFCAms), containing the distinct amide functional group, can 

be rapidly destroyed and deeply defluorinated within the UV/sulfite system. By taking advantage 

of a novel defluorination mechanism upon reactivity with SO3
⦁–, PFCAms exhibit higher reactivity 

resulting in deeper defluorination in modest basic solution in the presence of UV-irradiated SO3
2–. 

Furthermore, N-substituted PFCAms observe even faster reactivity and resistance to hydrolysis, 

demonstrating the possibility of designing future PFAS for rapid and complete defluorination.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

Per- and polyfluoroalkyl substances (PFAS) denote a large class of fluorinated organic 

compounds targeted and developed for their technological and economic benefits.1,2 PFAS benefit 

from containing an intrinsically stable chemical motif, the C–F bond, as demonstrated by its high 

bond dissociation energy (115 kcal mol–1).3 Furthermore, considering the fluorine atom possesses 

the greatest electronegativity of all elements, this results in a substantially polarized bond, 

increasing the electrostatic interaction and contributing to the overall strength of the C–F bond.4 A 

consequence of this extreme electronegativity is that the fluorine atom (i.e., lone pairs) resist typical 

interactions, such as resonance4 and hydrogen bonding,5 and to a lesser extent, conjugation.6 

Because of these mitigated interaction, PFAS display significantly reduced surface free energy.2 

This results in unique chemical and physical behavior, including possessing both hydrophobicity 

and lipophobicity and possessing inertness to chemical and thermal distress.2 Consequently, PFAS 

have been utilized in broad applications, including membranes used in commodity chemical 

manufacturing and water treatment,7 energy storage devices,8–10 medical devices and supplies,11,12 

pharmaceuticals,13 agrochemicals,14,15 consumer products,16–18 coatings,19 lubricants,20,21 

refrigerants,22,23 surfactants,24 and suppressants (e.g., aqueous film-forming foam (AFFF),25 metal 

plating26,27). Accordingly, a global fluorochemical industry was established developing PFAS to 

meet the demands of emerging technology and quality of life valued at $21.4 billion per year in 

2018.28  

The broad application of PFAS for commercial and industrial interests has resulted in 

significant release of these chemicals into the environment.29–31 Depending on their structure, these 

compounds can display high mobility in aqueous environments (e.g., surface water and 

groundwater),32,33 strong partitioning behavior (e.g., liquid/gas and solid/liquid interface),34–36 as 
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well as susceptibility to biotic37–39 and abiotic40–42 transformation of organic moieties for carbon 

centers containing C–H bonds (i.e., polyfluoroalkyl substances). Conversely, perfluorinated 

moieties (i.e., carbon centers containing only C–F and C–C bonds) are rigorously unreactive in the 

environment.43–45 For example, microbes have been observed to degrade monofluoroaceate (MFA, 

CH2FCOO–).46 However, the debate still persists in the literature regarding the ability for 

trifluoroacetate (TFA, CF3COO–), the perfluorinated analog, to be naturally degraded.47–50 In 

addition, it is well known that legacy chlorofluorocarbons (CFCs) and replacement 

hydrofluorocarbons (HFCs) undergo atmospheric degradation.23,51 However, the transformation 

product is indeed the recalcitrant TFA, and is therefore an indicator of CFC and HFC use globally. 

Equally, due to the intrinsic strength of the C–F bond, abiotic transformation (i.e., light or heat-

induced transformation) of perfluorinated carbon-centers does not seem to be a significant route as 

evidenced by their accumulation in the environment.50,52 Likewise, the impact of PFAS is not 

restricted to the environment. Indeed, significant evidence shows these compounds to be persistent 

and bioaccumulative,53,54 which has been linked to PFAS toxicity.55 Consequently, a shift has 

occurred globally to use short-chain (e.g., perfluorobutane sulfonate, PFBS) or fluoroalkyl ether-

derivatives (e.g., hexafluoropropylene oxide-dimer acid, HFPO-DA), as they are considered to be 

less bioaccumulative,54,56 and therefore safer. This, however is still up for debate.57,58 Despite these 

efforts, perfluorinated compounds remain persistent in the environment, and therefore remain a 

threat towards human health and the environment.  

Beginning in 1970 the United States (US) created the Environmental Protection Agency 

(EPA). This established the first regulatory body to oversee the health and safety of the natural 

environment within the US, including air, water, and soil systems. In that light, significant progress 

has been made in developing effective and economical technologies to remediate these systems 

from anthropogenic pollution. The aquatic system is particularly vulnerable to PFAS pollution due 
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in large part because of its ability to act as a sink.59–61 For example, PFAS released into the 

atmosphere can be transformed and stripped during rain events resulting in deposition into water 

and soil systems.62,63 Conversely, PFAS can be released directly into water systems, where a 

partition will develop between the aqueous (water) and solid (soil) phases. Over time, PFAS can 

leach out of solids back into water systems.64 Current water treatment technologies, which are 

effective in physically removing and chemically mitigating hazardous biological species and 

chemical compounds, cannot address PFAS pollution. In fact, the smallest PFAS are able to evade 

advanced physical separation techniques (i.e., filtration) including, activated carbon,65,66 membrane 

separation,67,68 and ion exchange.69,70 Although chemical treatment techniques, so-called advanced 

oxidation processes (AOP), have been incorporated towards water treatment over the last several 

decades (e.g., UV/H2O2, UV/O3, UV/H2O2/O3, etc.),71–73 these strategies are not liable to cleave the 

incredibly strong C–F bond. This failure leads to direct exposure of PFAS to humans from drinking 

water sources,74–79 as well as secondary routes through consumption of PFAS-contaminated food  

through agriculture practices (e.g., farming,80 dairy,81 meat production,82 and fish83), further 

intensified by the bioaccumulative nature of PFAS. It remains imperative that efficient and cost-

effective technologies, specifically addressing chemical destruction of the C–F bond, be developed 

in order to mitigate further risk to humans and adverse environmental damage.  

1.2 PFAS Structure and Design 

The development of fluorinated organic compounds began around the 20th century as 

replacements for toxic refrigerants (e.g., ammonia, NH3; chloromethane, CH3Cl; sulfur dioxide, 

SO2). However, it was not until in 1938 when high molecular weight fluorinated compounds 

realized their potential. It was researchers at DuPont who discovered inside a pressurized cylinder 

of tetrafluoroethylene (TFE) that the molecules had polymerized to form perfluorooctanoic acid 

(PFOA), most likely catalyzed by the copper walls. This inevitably led to the development of 
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polytetrafluoroethylene (PTFE), commonly known by its trade name Teflon. However, it was not 

until research led by J. H. Simons at Pennsylvania State University that brought about the 

commercial development of electrochemical fluorination (ECF), often referred to as the Simons 

Process. This greatly enhanced the diversity of fluorocarbon structures available for commercial 

application, and consequently the fluorochemical industry greatly expanded. Although ECF has 

numerous advantages, there are limitations (cf. 1.2.1 Electrochemical Fluorination). Consequently, 

a second process has been developed that addresses these limitations called Telomerization. The 

definitive advantage of this process is the ability to control chain-length and avoid undesired 

branching that is seen in ECF (cf. 1.2.2 Telomerization). The last method necessary to discuss is 

the polymerization of perfluoroepoxides. This method is unique due to the introduction of an ether 

group within the fluorocarbon backbone. The structures resulting from this method have gained 

recent attention as an emerging PFAS contaminant (cf. 1.2.3 Perfluoroexpoxide Polymerization).       

1.1.1 Electrochoemical Fluorination (ECF) 

The principle ECF configuration includes an electrochemical cell equipped with anhydrous 

hydrofluoric acid (HF) and the organic substrate of choice (e.g., acyl fluoride or sulfonyl fluoride, 

Figure 1.1a). During operation, fluoride in solution will replace hydrogen along the carbon 

backbone, via a free-radical mechanism.84 Due to the generation of free radicals, carbon chain 

rearrangement and breakage is inevitable. As a result, a mixture of linear and branched isomers of 

the starting organic substrate are generated. For example, the ratio between linear and branched is 

typically 70–80% linear to 20–30% branched for two legacy PFAS: PFOA and perfluorooctane 

sulfonate (PFOS).85 This process has shown to be effective towards several organic substrates, 

including: acids,84,86,87 alcohols,84,86,87 amines,86 ethers,87 hydrocarbons.88  
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1.1.2 Telomerization 

One obvious draw back with ECF is that the free-radical mechanism results in 

rearrangement of the fluorocarbon backbone; telomerization addresses this issue (Figure 1.1b). In 

brief, the starting material (i.e., telogen) is perfluoroalkyl iodide (CmF2m+1I), typically 

pentafluoroethyl iodide, C2F5I (PFEI), and is reacted with TFE (i.e., taxogen) to yield a mixture of 

perfluoroalkyl iodides, F(CF2)nI.85 This mixture can further be reacted with ethylene (CH2=CH2) to 

yield fluorotelomer iodides, F(CF2)n‒CH2CH2I.85 Here lies the value of the telomerization process. 

The two products from this process, perfluoroalkyl iodides (telomer A) and fluorotelomer iodides 

(telomer B) are used as raw materials to generate a range of products (Figure 1.1c).85 Due to the 

nature of how the fluorocarbon and hydrocarbon chains are built in the telomerization process, a 

specific nomenclature has developed in naming these compounds. This is accomplished using the 

X:Y designation, where X indicates the number of fluorocarbons and Y indicates the number of 

hydrocarbons (e.g., 8:2 FluoroTelomer alcohol, C8F17CH2CH2OH, 8:2 FTOH).85 

In addition to the extensive diversity that can be generated by the telomerization process, 

because these compounds are built using TFE and ethylene, linear telogens produce exclusively 

linear PFAS. Conversely, if the telogen is branched and/or has an odd number of carbon atoms 

(e.g., (CF3)2CFI), the resulting product will contain a mixture of branched and/or an odd number 

of carbon atoms, despite incorporating even number of taxogen ‒CF2‒ units from TFE.85  

1.1.3 Perfluoroexpoxide Oligomerization 

The last PFAS manufacturing process worthy of discussion is the oligomerization of 

perfluoroepoxides (PFEOs). Once fluorine chemists achieved creating fluoropolymers with tunable 

fluorination (i.e., containing all C‒F bonds, or incorporating some C‒H bonds), there was a desire 

in industry to develop perfluorinated analogs of polyethers (i.e., perfluoropolyethers). In this way, 

the resulting fluoropolymers, with the ether group incorporated into the fluorinated backbone, 
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should have different properties potentially advantageous for application. One route to synthesize 

polyethers is through polymerization of epoxides. Indeed, once reliable methods of perfluoroolefin 

epoxidation was achieved, this introduced a new type of monomer unit in which fluorine chemists 

could use for polymerization reactions.89 Recall in the telomerization process,  the telogen (starting 

material) is elongated by incorporating a taxogen resulting in a hetero-oligomer (i.e., molecule 

consisting of a few similar or identical repeating units). Indeed, PFEO oligomerization is analogous 

to telomerization in that there is a starting material that is elongated by incorporating repeating 

PFEOs (Figure 1.2). Based on the literature, the most important perfluoroepoxides are 

tetrafluoroethylene oxide (TFEO) and hexafluoropropylene oxide (HFPO). The use of epoxides to 

synthesize perfluoroalkyl ether acids (PFEAs) has further broadened the scope in PFAS 

application.89   

1.3 Electron-Transfer Reactions  

In order to chemically destroy PFAS (i.e., cleave the C‒F bond), the stability of the bond 

must be disrupted. One way to achieve this is through an electron-transfer (ET)-initiated bond 

cleavage (i.e., dissociative electron transfer, DET).90 Reactions involving DET can be either 

reductive (adding an electron) or oxidative (removing an electron), with regards to the species 

undergoing dissociation. This is demonstrated in the following two chemical equations for 

reductive DET (reaction 1.1) and oxidative DET (reaction 1.2):  

A + BC → A⦁+ + [BC]⦁‒ → A⦁+ + B⦁ + C‒    (1.1)  

A + BC‒ → A‒ + [BC]⦁ → A‒ + B⦁ + C    (1.2)  

These reactions can be described as outer sphere ET. This is characterized by the distinct mode of 

electron transfer, freely moving from one redox center to another. This is not to be confused with 

inner sphere ET, which is characterized by the formation of a σ-bond enabling the transfer of 
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electrons (e.g., bridging ligand).91 For the UV/sulfite system, all ET events are outer sphere due to 

the nature of the reactive species and therefore will only be considered here.  

Among DET reactions, there have been described two general pathways: (i) concerted 

(reaction 1.3), or (ii) stepwise (reaction 1.4):92  

AB + e‒ → A⦁ + B‒     concerted (1.3)  

AB + e‒ ⇄ [AB]⦁‒ →  A⦁ + B‒   stepwise (1.4)  

AB + e‒ ⇄ [A⦁B‒]
cage

→  A⦁ + B‒  “sticky”  (1.5)  

A third intermediate pathway has been identified, in which the radical and ion form a pair through 

interactions in the solvent cage, known as a “sticky” DET, which are much more rare and is 

mentioned here for completeness (reaction 1.5).90 Only the first two will be discussed in detail. 

Despite distinct pathways, both concerted and stepwise mechanisms lead to the same products. It 

is noted that in the stepwise mechanism, the initial ET is reversible, whereas ET in the concerted 

mechanism is irreversible. Since both routes involve the transfer of a free electron (i.e., no bond 

formation) it is appropriate to apply the Marcus theory.93 This model can be used to relate the rate 

of electron transfer (i.e., log k) to the free energy (ΔG°) by using equations 1.6 and 1.794 and has 

successfully described outer sphere ET reactions:95 

kET = Z exp [−
∆G ‡

RT
]    (1.6)  

∆G‡ = ∆G0
‡
(1 + 

∆G°

4∆G0
‡
)

2

    (1.7)  

where Z is the preexponential factor, ΔG‡ is the activation free energy, and ΔG0
‡ is the intrinsic 

barrier. In doing so, it became obvious that some DET reactions possess a much weaker driving 

force (ΔG°).92 Later, Savéant successfully tested his model for concerted DET, thus allowing to 

further distinguish between the two DET reaction pathways.96 He found that the intrinsic barrier 

(ΔG0
‡), which is the activation free energy at ΔG° = 0, is much larger for concerted DET compared 
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to stepwise. Indeed, the intrinsic barrier is simply the sum of the solvent (ΔG0,s
‡) and inner (ΔG0,i

‡) 

contributions, as shown in equation 1.8:94   

∆G0
‡
 = ∆G0,s

‡
 + ∆G0,i

‡
    (1.8)  

This can be rewritten by grouping the internal and solvent reorganization energies into one term 

(λ) and explicitly incorporating the bond dissociation energy (BDE), to generate the following 

equations for the intrinsic barrier towards concerted (equation 1.9) and stepwise (equation 1.10) 

reactions, respectively:97 

(∆G0
‡
)

stepwise
=

λ

4
     (1.9)  

(∆G0
‡
)

concerted
=

λ+BDE

4
     (1.10)  

Therefore, because (ΔG0
‡)concerted > (ΔG0

‡)stepwise,  concerted DET is intrinsically slower than 

stepwise DET. Furthermore, when the driving force is increased (i.e., using strong reductants) the 

initial outer sphere ET step of stepwise DETs is preferred.92 

It has been shown, through the use of More–O’Ferrall Jencks plots, there exists a 

relationship between unimolecular (SN1) and bimolecular (SN2) reaction mechanisms in that these 

two represent ends of a reaction spectrum.98 Similarly, it has been shown there exists a relationship 

between stepwise and concerted DET.94 Although this can be difficult to show in homogeneous 

DET,99 heterogenous DET is uniquely positioned for these experiments.97 This is because the 

intrinsic barrier (ΔG0
‡) for heterogenous DET depends essentially on the acceptor molecule. 

Meanwhile, the intrinsic barrier for homogeneous DET depends on both the acceptor molecule and 

the electron donor.92 Furthermore, through the use of an electrochemical cell, one can explore DET 

over a range of applied potential for one acceptor molecule. When increasing the free energy during 

the reaction (i.e., ‒ΔG°), excess energy will shift the activation free energy (ΔG‡) resulting in a 

competition between concerted and stepwise, (ΔG‡)concerted < (ΔG‡)stepwise. Indeed, the concerted 
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reaction is thermodynamically favored, specifically when the E° for the formation of the radical 

anion is negative, the cleaving bond is weak, and the resulting anion is a good leaving group.92  

The use of ET-initiated bond cleavage has been employed in several approaches towards 

PFAS treatment (e.g., photolysis,100 photocatalysis,101 sonolysis,102 radiolysis,103 plasma,104 and 

oxidation105). In the UV/sulfite system, the reactive species – the hydrated electron (eaq
–) and the 

sulfite radical (SO3
⦁–) – will participate in ET reactions contributing to the destruction of aqueous 

PFAS. Therefore, understanding the properties of these reactive species can enable deeper 

understanding on the observations of PFAS destruction within the UV/sulfite system.  

1.4 The Hydrated Electron (eaq
–) 

Due to the extreme electronegativity of the fluorine atom, coupled with the fact that the 

perfluorinated carbon center is fully oxidized, strong oxidants are incapable of directly cleaving 

the C–F bond. Consequently, it would follow that the C–F bond, and any carbon–halogen (C–X) 

bond, should be capable of being reductively destroyed. Furthermore, electronegative halogens 

bound to carbon would result in a polarized bond leaving carbon with a partial positive charge. 

Therefore, a reductant nucleophilic in nature could take advantage of the partial positive charge on 

carbon. Indeed, it has been demonstrated that halogenated species can be cleaved relatively quickly 

in reduction-based processes.106,107 However, due to the relatively strong C–F bond, the reductant 

will need to possess a large negative reduction potential. One such reductant known to possess a 

high reduction potential is the solvated electron.108 This can be thought of as a free electron in 

solution (i.e., the smallest anion). When the solvent is water, the solvated electron is referred to as 

a hydrated electron (eaq
–) and its formation is represented in reaction 1.11:109  

2 H2O  
hv
→ eaq

‒  + H3O+ + ⦁OH   (1.11)  

In aqueous solution, the standard reduction potential is E° = –2.87 V against the standard hydrogen 

electrode (SHE).110 Considering the large negative reduction potential and its formal negative 
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charge, the eaq
– behaves like a nucleophile and will routinely add to chemical species with a higher 

reduction potential in a one-electron transfer (ET) process (reaction 1.12):111 

eaq
‒  + Sn → Sn-1    (1.12)  

where S is the solute and n is the positive charge on the solute. The reactivity of eaq
– with solutes 

range from ~101 L mol-1 s-1 through to the diffusion-controlled limit.111 This reaction is favored 

with unsaturated systems (e.g., double bonds, aromatic systems) and is enhanced by placing 

electronegative moieties (e.g., nitro groups, halogens) adjacent to them.106,107 It is well established 

that the eaq
– can react in dissociation ET (DET) processes with halogens and follow both concerted 

and a stepwise fashion (cf. 1.2 Electron–Transfer Reactions).  

1.4.1 Reactivity of Acetate Derivatives 

One way to investigate the reactivity of eaq
– with organic species is by studying its reaction 

with halogenated acetate derivatives. Indeed, the rate constants provide the following trend: 

F<<Cl<Br<I (Table 1.2). This should be expected based on C–X bond energies.112 For the reaction 

between eaq
– and monohalogenated acetate, the following has been proposed (reaction 1.13): 

eaq
‒  + XCH2CO2H → •CH2CO2H + X‒   (1.13)  

where the C–X bond is cleaved generating an organic radical and halide ion (X–). This reaction is 

thought to proceed through an outer-sphere ET to the halogen. Notably, there is observed a drastic 

increase in reaction rate from fluorine (< 1.2 x 106 L mol-1 s-1) to higher molecular weight halogens: 

chlorine (1.2 x 109 L mol-1 s-1), bromine (6.2 x 109 L mol-1 s-1), and iodine (1.2 x 1010 L mol-1 s-1), 

which reaches diffusion-controlled limits. The range in reactivity for the series of halogenated 

acetate demonstrates that DET transitions from a concerted (–F) to a stepwise (–Cl, –Br, –I) 

mechanism. Furthermore, the two-order magnitude deference in rate constants between the fluoro- 

and chloroacetate highlight the sluggishness of concerted DET reactions, and consequentially C–F 

bond cleavage. To verify this, a comparison to the reaction of methane with eaq
– can be made. In 
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this reaction, where it is assumed the C–H bond is reduced following concerted DET, the rate 

constant has been measured (k < 1.0 x 107 L mol-1 s-1) and is on the same order of magnitude as C–

F bond cleavage in fluoroaceate. This provides further support demonstrating the difficulty in direct 

C–F bond cleavage. 

Not be overlooked in the previous discussion of halogenated acetate reactivity is the role 

of the carbonyl group. Indeed, eaq
– has been observed to be reactive with asymmetric electron 

deficient groups (e.g., C=C, C=O).106 This is no better demonstrated than by reaction of eaq
– with 

acetone, where a rate constant of k = 6.5 x 109 mol L-1 s-1 was measured.113 Since acetone does not 

contain a halogen, the reactive species must either be the carbonyl group or the methyl group. Based 

on product formation, and considering carbon in the methyl group is fully reduced, it has been 

concluded the reaction proceeds as in reaction 1.14:  

eaq
‒  + R1(CO)R2 → R1C(̇ O‒)R2     (1.14)  

where the electron has be inserted into the C=O π bond, generating the carbon-centered radical, or 

π radical anion.113 It has been shown this reactivity is highly influenced by substitution on the 

carbonyl motif (i.e., R groups in reaction 1.14), as described below. 

1.4.2 Influence of Substitution on Carbonyl Reactivity 

Shown in Table 1.3 is a list of rate constants for compounds containing a carbonyl group, 

demonstrating the influence of substitution on reactivity. For example, replacing a methyl group 

on acetone for an alcohol group, as in acetic acid, the rate constant decreases one order of magnitude 

(k = 2.0 x 108 mol L-1 s-1). Still, upon deprotonation to form acetate, reactivity drops an additional 

two orders of magnitude (k = 1.1 x 106 mol L-1 s-1). One explanation for the decrease in reactivity 

between acetic acid and acetate could be due to increasing electrostatic repulsion between eaq
– and 

reactant. Including the results from acetone and acetaldehyde (k = 4.9 x 109 L mol-1s-1) the following 

reactivity is observed for CH3(C=O)–R, where R = CH3 > H > OH > O–. Analysis for several series 
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of substituted carbonyl structures indicate that reactivity proceeds: ketone > aldehyde > carboxylic 

acid > amide > carboxylate (Table 1.3). Therefore, carbonyl reactivity is strongly dependent on the 

electronegativity of the substituted groups (i.e., electron withdrawing groups disable carbonyl 

reactivity).  

1.4.3 C–F Bond Cleavage by eaq
– 

Now that two reaction pathways have been identified (i.e., outer sphere electron transfer to 

either the halogen or the carbonyl), it remains what is the competition between these two 

mechanisms. As mentioned earlier, the range in reactivity for the series of halogenated acetate 

compounds is clear evidence of the kinetic difference between concerted and stepwise DET. 

Furthermore, it is clear eaq
– will react with carbonyl groups. However, the measured reactivity of 

eaq
– with fluoroacetate (<1.0 x 106 L mol-1 s-1) and acetate (1.2 x 106 L mol-1 s-1) does little to help 

distinguish if this reactivity is brought on by the presence of the halogen or the carbonyl group. As 

recently discussed, the electronegativity of substituted groups on the carbonyl moiety will influence 

reactivity. Therefore, a way to probe the mechanism is by comparing monofluoroacetate (MFA) 

and trifluoroacetate (TFA). If the mechanism is concerted DET, TFA should have a larger rate 

constant than MFA since there is three times the number of C–F bonds. However, if the mechanism 

is through reactivity with the carbonyl group, then the rate constant with TFA should be less than 

MFA. This is because the trifluoromethyl group (–CF3) is more electronegative than 

monofluoromethyl (–CH2F). Table 1.3 indicates that TFA > MFA in reactivity with the eaq
–; a ~14% 

increase. Therefore, it appears the main mechanism for C–F bond cleavage is concerted DET, a 

sluggish reaction kinetically similar to the reactivity of the carboxylate group. This appears to be 

supported when comparing the rate constants of trichloroacetate (TCA) and monochloroacetate 

(MCA) with eaq
–, where a ~19% increase is observed. However, since MCA follows stepwise DET, 
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different to that of TFA, a more comprehensive evaluation can be made by investigating the 

reactivity of three structures: MCA, TCA, and monochloroacetic acid (MCAA).   

Based on the above discussion, two things are clear concerning eaq
– reactivity: (1) number 

of halogen atoms leads to an increase, and (b) electron withdrawing groups substituted on the 

carbonyl motif results in a decrease. Therefore, as predicted: TCA > MCA (three C–Cl bonds vs 

one C–Cl bond); MCAA > MCA (carboxylic acid > carboxylate). However, it is not clear the 

influence toward reactivity when considering extent of halogenation versus carbonyl substituents. 

Based on the rate constants in Table 1.3, increasing the number of C–Cl bonds three times results 

in a ~7x increase in reactivity, or a 3.5x increase for each C–Cl bond. Meanwhile, protonating the 

carboxylate results in a 5.75x increase in reactivity, suggesting protonation of the carboxylate group 

is more influential towards increasing reactivity with eaq
– than the number of halogen atoms, 

constrained to halogen atoms that are all the same.   

The last reaction necessary for discussion when considering the eaq
– as the reactant is 

homolytic DET. Given the electronegativity of fluorine, the C–F bond possesses an extremely low 

lying σ*C–F antibonding orbital. Indeed, this orbital has been observed to engage in negative 

hyperconjugation (i.e., electrons moving from π orbital → σ* orbital) with adjacent electron density 

containing similar symmetry and energy (e.g., oxygen).4 Although this interaction can be thought 

of as destabilizing, in fact it only reduces the strength of the covalent nature of the C–F bond, and 

instead the ionic character of the bond is increased (i.e., strengthened).4 This becomes important 

for C–F bonds adjacent to carbonyl groups. As discussed above, eaq
‒ will add to the π*C=O 

antibonding orbital of the carbonyl group. It has been shown in this ET reaction that the electron 

will migrate from π*C=O → σ*C–F.90 This results in the homolytic cleavage of the C–F bond.   
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1.5 Sulfur Radicals 

1.5.1 UV irradiation of sulfite (SO3
2-) 

SO3
2–  

hν
→ SO3

⦁– + eaq
–      (1.15)  

UV light is photolytic energy (i.e., photons) that can excite electrons upon irradiation. 

Depending on the electronic structure, this can generate radicals and electrons (i.e., atoms, 

compounds, or ions containing an unpaired electron). There have been reported two distinct 

mechanisms associated with electron photodetachment: (i) charge-transfer-to-solvent (CTTS) 

state114 and (ii) direct ionization.115 An example of photodetachment is the UV irradiation of sulfite 

(SO3
2–).  At 254 nm, this energy will cause SO3

2– to enter the CTTS state and eject an electron into 

the solvent phase, generating a solvated electron. When that medium is water this is known as a 

hydrated electron (eaq
–), as has been discussed in the previous section. Since eaq

– was generated 

from the stable valence shell of SO3
2–, it follows that the other product in the irradiation of SO3

2– 

would be the sulfite radical (SO3
⦁–). The following discussion focuses on the chemical reactivity of 

this and other related sulfur radicals.    

1.5.2 Sulfur Radical Chemistry 

Sulfur is unique considering its position on the periodic table. Located beneath oxygen, it 

behaves similarly to other chalcogenides (i.e., oxygen, selenium). However, considering it is 

located one row below oxygen, sulfur can access the 3d orbital, allowing it to engage in bonding 

interactions otherwise excluded to row 2 elements (i.e., engage in more than four bonding 

interactions). This is no better demonstrated than by the ability of sulfur to form several oxyanions 

(i.e., SO3
2–, SO4

2–). While most sulfur oxyanions are relatively stable, their radical counterparts 

(SOx
⦁–) are not. Specifically, the sulfur oxyanion radicals of SO3

⦁–, SO4
⦁–, and SO5

⦁– demonstrate 

distinct reactivities worth further investigation.116  
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As described earlier, SO3
2– upon irradiation will generate SO3

⦁–. In an inert, pristine 

environment (i.e., ultrapure water with no oxygen), SO3
⦁– may participate in two reactions: (i) 

dimerization, shown in reaction 1.16;117 or (ii) disproportionation, shown in reaction 1.17:118  

2 SO3
⦁– → S2O6

2–   k1.16 = 3.4 x 108 L mol-1 s-1 
(pH 9.8)(1.16)  

2 SO3
⦁– → SO3 + SO3

2–   k1.17a = 7.0 x 108 L mol-1 s-1 (1.17a)   

SO3 + H2O → SO4
2– + 2 H+       (1.17b)  

This system has been studied extensively and found the branching ratio between dimerization and 

disproportionation to be 1:2.119,120 The chemistry of reaction 1.17 suggests that SO3
⦁– can act as 

either a reductant or as an oxidant.121 Indeed, research has shown that SO3
⦁– can act as a mild oxidant 

(reaction 1.18).121 Based on reaction 1.17, it is suggested that SO3
⦁– can act as a strong reductant 

(reaction 1.19).121 However, there are no confirmed one-electron transfer reactions, instead 

achieving this reaction via O– oxidation:117  

SO3
⦁– + e– → SO3

2–   (E° = 0.63 V)   (1.18)   

SO4
2– + H2O + e– → SO3

⦁– + 2 OH– (E° = –2.47 V)   (1.19)   

When oxygen is present, SO3
⦁– will react to form peroxymonosulfate radical (SO5

⦁–) as shown in 

reaction 1.23. Peroxymonosulfate radical (E° = 1.1 V at pH 7)121 is known to be a stronger oxidant 

than SO3
⦁–, but not stronger than sulfate radical (SO4

⦁–, E° = 2.6 V).122,123 This is demonstrated by 

the reactivity of SOx
⦁– with ascorbate (reaction 1.20, 1.21 and 1.22):121 

SO3
⦁– + HA– → HSO3

– + A⦁–  k1.20 = 9.0 x 106 L mol-1 s-1 (1.20)   

SO4
⦁– + HA– → HSO4

– + A⦁–  k1.21 > 109 L mol-1 s-1 (estimated) (1.21)   

SO5
⦁– + HA– → HSO5

– + A⦁–   k1.22 = 1.4 x 108 L mol-1 s-1 (1.22)   

Although data does not exist for the H-abstraction of ascorbate by SO4
⦁–, it has been estimated to 

be faster than either SO3
⦁– or SO5

⦁–. Furthermore, data suggests SO4
⦁– will react faster than SO3

⦁– 
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and SO5
⦁– (Table 1.4). Therefore, in the presence of organic compounds with an oxidation potential 

between SO5
⦁– and SO3

⦁–, a chain reaction will develop:121,124  

SO3
⦁–  + O2 → SO5

⦁–    k1.23 = 1.5 x 109 L mol-1 s-1 (1.23)   

SO5
⦁– + R + H+ → HSO5

– + R+   E° < 1.13 V   (1.24)  

R+ + SO3
2– → R + SO3

⦁–        (1.25)  

Other reactions that might contribute to chain propagation involving SOx
⦁– are the following:117,125 

SO5
⦁– + SO3

2– → SO4
2– + SO4

⦁–   k1.25 = 1.3 x 107 L mol-1 s-1 (1.25)   

SO4
⦁– + SO3

2– → SO4
2– + SO3

⦁–   k1.26 > 2.0 x 109 L mol-1 s-1 (1.26)   

Notice that SO5
⦁– in reaction 1.25 can oxidize SO3

2– to generate the strong oxidant SO4
⦁–, which 

can further oxidize SO3
2– to generate SO3

⦁–, propagating the sulfur radical chain reaction (SRCR) 

shown in reactions 1.23 – 1.25. In addition, the generation of stable SO4
2– is observed. It is worth 

noting that peroxymonosulfate (HSO5
–), which is generated in reaction 1.24, can form SO4

⦁– and 

hydroxyl radical (⦁OH) under UV irradiation:123  

 HSO5
– hv
→ SO4

⦁– + ⦁OH        (1.27)   

Thus, demonstrating another route towards SO4
⦁–. Consequently, this reaction generates the strong 

⦁OH as well. 

Several termination reactions can result from this SRCR. It was shown earlier that the 

dimerization of SO3
⦁– is possible (reaction 1.16). Similarly, the dimerization of SO5

⦁– has been 

proposed (reactions 1.28 and 1.29),121 resulting in the formation of SO4
⦁– and molecular oxygen 

(O2):  

SO5
⦁– + SO5

⦁– → 2 SO4
⦁– + O2      (1.28)  

SO5
⦁– + SO5

⦁– → S2O8
2– + O2      (1.29a)   

S2O8
2– hν
→ 2 SO4

⦁–        (1.29b)  
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SO4
⦁– + OH– → SO4

2– + ⦁OH  k30 = 8.3 x 107 L mol-1 s-1 (pH >11) (1.30)  

Several points should be made regarding these reactions. First, similar to SO3
⦁–, a branching ratio 

is demonstrated for SO5
⦁–. Interestingly, the ratio of k1.28(SO4

⦁–) / k1.29a(S2O8
2–) = 9, indicating a 

strong kinetic preference for disproportionation over dimerization,121 similar to SO3
⦁–. In addition, 

this is considered a terminating reaction due to the high reactivity of SO4
⦁– to form stable SO4

2– 

(reaction 1.30). Lastly, reactions 1.28 and 1.29a demonstrate a source of O2, necessary for the 

SRCR.  

Considering the potential for the generation of SO4
⦁– it should be briefly mentioned that 

SO4
⦁– will also dimerize in solution, as seen in the following reaction:117 

SO4
⦁– + SO4

⦁– → S2O8
2–   k1.31 = 8.1 x 108 L mol-1 s-1 (1.31)   

Therefore, reactions 1.29b and 1.31 represent a pseudo-equilibrium, similar to that of reversible 

reactions. 

In addition to UV dissociation of HSO5
–, it has been postulated that peroxymonosulfate 

(HSO5
–) may participate in a disproportionation reaction resulting in the generation of sulfate:126 

HSO5
– + H2O → SO5

2– + H3O+   pKa = 9.4   (1.32)  

HSO5
– + SO5

2– → HSO6
– + SO4

2–       (1.33)  

HSO6
– + OH– → SO4

2– + H2O + O2      (1.34)  

Thus, HSO5
– can potentially behave as a terminating species.   

1.6 Photochemical System Thermodynamics 

As the photochemical system takes place in an aqueous environment, a discussion 

regarding the thermodynamics of the system (i.e., pH) is necessary. This is because the physical 

parameter of solution pH can mediate the chemical potential of the system (i.e., component 

speciation). It is here that the discussion will be focused.      

1.6.1 Sulfite attenuation coefficient 
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The main active species in the UV/sulfite system is the photosensitizer SO3
2–. In order to 

cause photodissociation, SO3
2– must absorb a photon of energy.127 The rate of absorption is known 

as the attenuation coefficient (historically known as the extinction coefficient).127 The extinction 

coefficient quantifies how strongly a substance absorbs light at a given wavelength, either per molar 

concentration (ε [≡] L mol-1 cm-1), or mass density (μ [≡] mL g-1 cm-1).127 This discussion hereto 

will be limited to molar extinction coefficient, ε. The larger this number, the more efficient the 

photosensitizer in absorbing photons at the specified excitation energy (i.e., wavelength). Based on 

other photosensitizers (e.g., I–, Fe(CN)6
4–), SO3

2– is not as efficient at absorbing photons, despite 

its favorable electron donor abilities.115 This is demonstrated by comparing ε and quantum yield 

(Φ, ratio of photons emitted to photons absorbed) of SO3
2– and iodide (I–). At 248 nm excitation 

energy, εsulfite = 49 ± 1 L mol-1 cm-1, whereas εiodide= 885 ± 3 L mol-1 cm-1, demonstrating iodide 

absorbs photons 18x more effectively than SO3
2–. However, the resulting quantum yield, Φ, which 

represents the efficiency of photodetachement, demonstrates the electron donor ability of sulfite 

(Φsulfite = 0.108 ± 0.001, while Φiodide = 0.286 ± 0.008; 2.6x increase in efficiency).115 Due to the 

poor spectroscopic properties observed by SO3
2–, providing a more favorable thermodynamic 

environment will enhance the fate of eaq
– (i.e., increase species lifetime). This has been shown to 

be effectively done by simply increasing the solution pH. Indeed, it was experimentally found that 

the optimal pH in order to maximize the lifetime of the eaq
– is pH 12.128 This solution pH will 

influence other reactions within the photochemical system as well, and are discussed below. 

1.6.2 Influence of pH on UV/sulfite system 

In order to understand the influence of pH in the UV/sulfite system, the attention is 

turned first to SO3
2–. As a diprotic acid, SO3

2– has two ionization constants, and therefore exist as 

different species depending on solution pH:  

SO2 + H2O → HSO3
‒ + H+  pKa = 1.8   (1.35)  
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HSO3
‒ + OH‒ → SO3

2‒ + H2O  pKa = 7.2   (1.36)  

As shown in reaction 1.35, bisulfite is not in equilibrium with sulfurous acid (H2SO3), but instead 

rapidly decomposes into sulfur dioxide gas (SO2) and water. Therefore, the main sulfur (IV) species 

in solution is SO3
2– and HSO3

–. Considering SO3
2– is the active photosensitize, it follows that higher 

solution pH will drive the sulfur (IV) distribution towards SO3
2–, therefore increasing the active 

form.     

Another issue to consider is the concentration of hydronium ion (H3O+). Indeed, the 

negatively charged eaq
– is highly reactive with the positively charged H3O+:111   

eaq
‒  + H3O+ → H⦁ + H2O  k1.37 = 2.8 x 1010 L mol-1 s-1 (1.37)  

The product of this reaction, the hydrogen atom (H⦁), is not nearly as strong a reductant (E° = 

2.1)111 as eaq
– and will negatively influence the efficiency of the UV/sulfite system. Therefore, by 

increasing solution pH the concentration of H3O+ will decrease and thus mitigate this trivial 

reaction. Despite this undesired reaction, it is possible to overcome and further increase the 

efficiency of the system. This can be done by simply increasing the solution pH > pKa of H⦁:110  

H⦁ → eaq
‒  + H+    pKa = 9.6   (1.38)  

As shown in the above equation, H⦁ will spontaneously dissociate into eaq
– and a proton. Indeed, 

this is another factor that influences the lifetime of the eaq
–.  

Due to the presence of carbon dioxide in the atmosphere, it is necessary to briefly review 

the influence of carbonate species: carbonate (CO3
2–) and bicarbonate (HCO3

–) shown in equation 

1.39:  

CO2 + H2O  ⇄ H2CO3  ⇄  H+ + HCO3
‒  ⇄ 2H+ + CO3

2‒  (1.39)  

Reaction of carbonate species with eaq
– is kinetically slow (Table 1.3). As discussed previously, H⦁ 

possesses a lower reduction potential, and therefore is also kinetically slow in reacting with 

carbonate species.111 Furthermore, carbonates do not seem kinetically reactive with strong oxidants, 
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based on the rate constants of OH⦁ with CO3
2– (k = 3.9 x 108 L mol-1 s-1) and HCO3

– (k = 8.5 x 106 

L mol-1 s-1).111 Although the reaction of these carbonate species with reactive species in the 

UV/sulfite system is kinetically slow, it has been shown that bicarbonate can be reductively 

transformed into formate:129 

HCO3
‒ + 2e‒ + 2H+ → HCOO‒ + H2O E° = ‒0.42 V   (1.40)  

By comparing the reduction potential of equation 1.40 with that of eaq
–, this is thermodynamically 

available, despite it being kinetically unfavorable, and has been demonstrated 

electrochemically130,131 and photochemically.132,133         

Lastly, due to the speciation of sulfite at different solution pH, it is worth discussing here. 

Because H2SO3 does not exist stable in aqueous solution, it is only necessary to consider SO3
2– and 

HSO3
–. The active species in the UV/sulfite system is SO3

2–, therefore by increasing pH this would 

provide the greatest amount of the active form of S(IV). In addition, it has been found recently that 

HSO3
- can scavenge eaq

–:  

eaq
‒  + HSO3

‒ → H⦁ + SO3
2‒  k1.41 = 1.2 x 108 L mol-1 s-1  (1.41)  

Therefore, increasing the pH drives the speciation towards maximizing active S(IV) form while 

minimizing undesired scavenging of eaq
–. 

1.6.3 Influence of pH on fluorine-containing organic compounds 

One reaction necessary for any discussion involving fluorinated organic structures is the 

unimolecular conjugate base elimination (E1CB) mechanism due to the increased acidity introduced 

by the C‒F bond.6 This reaction is characterized by the deprotonation α to a C‒F bond via base 

(e.g., hydroxide ion). The resulting carbanion, in order to neutralize the partial positive charge on 

carbon-containing C‒F bond, will spontaneously, and irreversibly, eliminate fluoride:    

CH3CH2‒CF2R  
𝑂𝐻−

↔   CH3CH‒CF2R 
-F‒ 
→  CH3CH=CFR   (1.42)  
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This reaction becomes relevant in the UV/sulfite system due to the potential presence of C‒H bonds 

adjacent to C‒F bonds in basic solution. Therefore, solution pH alone can influence the fate of 

fluoroorganic species within the UV/sulfite system.   

1.7 Research Objectives 

1) Establish structure-reactivity relationships for the chemical destruction of legacy and 

emerging aqueous PFAS contaminants within the UV/sulfite system (Chapter 2 and 

Chapter 3). 

2) Understand and optimize reaction conditions within the UV/sulfite system for aqueous 

PFAS remediation (Chapter 4). 

3) Identify alternative chemical moieties to enable deep and efficient treatment within the 

UV/sulfite system (Chapter 5).     
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1.8 Tables and Figures 

 Table 1.1 Hydrated electron and hydroxyl radical rate constants with select organic compoundsa 

 

 

 

 

 

 

 

 

 

 

  

  

 
  

Species eaq
‒ (L mol-1 s-1) ⦁OH (L mol-1s-1) 

 
  

H3C–H < 1 x 107 1.1 x 108 

H3C–OH < 1 x 104 9.7 x 108 

H3C–Cl ~8 x 108 N/A 

H2C=CH2 < 3 x 105 4.4 x 109 

H2C=CHCl 2.5 x 108 1.2 x 1010 

H2C=O ~1 x 107 ~1 x 109 

(CH3)2C=O 6.5 x 109 1.1 x 108 
aValues based on Buxton111 unless otherwise indicated. 
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Table 1.2 Hydrated electron rate constants with select acetate derivatives111,134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   

 

Group 

 

Acetate derivatives 

Rate  

(L mol-1 s-1) 
   

Organic ‒CH3
 
 1.1x106 

 ‒CH3 (acid) 2.0x108 

   

Fluoro- ‒CH2F (pH 10) <1.2x106 

 ‒CF3 (pH 10) <1.4x106 

   

Chloro- ‒CH2Cl (pH 10) 1.2x109 

 ‒CH2Cl (acid; pH 1) 6.9x109 

 ‒CCl3 (pH 10) 8.5x109 

   

Bromo- ‒CH2Br (pH 10) 6.2x109 

   

Iodo- ‒CH2I (pH 10) 1.2x1010 
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Table 1.3 Hydrated electron rate constants with select R1(C=O)R2 compounds111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

    

Compound R1 R2 k (L mol-1 s-1) 
    

Formate H O– <1.0 x 106 

Formamide H NH2 6.3 x 107 

Formic acid H OH 1.4 x 108 

Formaldehyde H H 6.3 x 107 

Acetaldehyde H CH3 4.9 x 109 

    

Acetate CH3 O– 1.1 x 106 

Acetamide CH3 NH2 3.5 x 107 

Acetic acid CH3 OH 2.0 x 108 

Acetaldehyde CH3 H 4.9 x 109 

Acetone CH3 CH3 6.5 x 109 

    

Carbonate O– O– 3.9 x 105 

Bicarbonate OH O– <1 x 106 

Carbonic acid OH OH N/A 

    

Carboxamate NH2 O– N/A 

Carboxamide NH2 OH N/A 

Urea NH2 NH2 3.0 x 105 

    

Oxalate O– COO– 3.1 x 107 

Oxalate hydrogen OH COO– 3.2 x 109 

Oxalic acid OH COOH 2.5 x 1010 

    

Carbon monoxide ‒ ‒ 1.7 x 109 

Carbon dioxide O O 7.7 x 109 
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Table 1.4 Sulfur radical rate constants with select alcohols 

  

     

# of Carbons Alcohol SO3
⦁– 135SO4

⦁– SO5
⦁– 

     

1 Methanol N/A 9.8 x 106 (N2) N/A 

2 Ethanol ≤ 2 x103 (N2)116 4.3 x 107 (N2) ≤ 103 (N2)116 

3 1-propanol N/A 5.9 x 107 (N2) N/A 

3 2-propanol ≤ 103 (N2)117 8.6 x 107 (N2) ≤ 103 (N2)117 

4 1-butanol N/A 8.0 x 107 (N2) N/A 

4 2-methyl-1-propanol N/A 1.3 x 108 (N2) N/A 

4 2-methyl-2-propanol N/A 8.4 x 105 (N2) N/A 
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Figure 1.1 Methods to manufacture per- and polyfluoroalkyl substances (PFAS), including (a) 

electromchemical fluorination and (b) telomerization. (c) other classes of PFAS manufactured from 

telomer A and telomer B of the telomerization process. 

(a)

(b)

(c)
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Figure 1.2 Preparation of perfluoroalkyl ether carboxylic acids (PFECAs), including (a) alkanoic 

acid fluoride starting material, (b) perfluoroepoxide monomer units, and examples of synthesis for 

(c) linear and (d) branched PFECA. 

 

(a) (b)

(c)

(d)
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CHAPTER 2: DEFLUORINATION OF PER- AND POLYFLUOROALKYL 

SUBSTANCES (PFASs) WITH HYDRATED ELECTRONS: STRUCTUREAL 

DEPENDENCE AND IMPLICATIONS TO PFAS REMEDIATION AND 

MANAGEMENT 

Abstract  

This study investigates critical structure−reactivity relationships within 34 representative 

per- and polyfluoroalkyl substances (PFASs) undergoing defluorination with UV-generated 

hydrated electrons. While CnF2n+1−COO− with variable fluoroalkyl chain lengths (n = 2 to 10) 

exhibited a similar rate and extent of parent compound decay and defluorination, the reactions of 

telomeric CnF2n+1−CH2CH2−COO− and CnF2n+1−SO3
− showed an apparent dependence on the length 

of the fluoroalkyl chain. Cross comparison of experimental results, including different rates of 

decay and defluorination of specific PFAS categories, the incomplete defluorination from most 

PFAS structures, and the surprising 100% defluorination from CF3COO−, leads to the elucidation 

of new mechanistic insights into PFAS degradation. Theoretical calculations on the C−F bond 

dissociation energies (BDEs) of all PFAS structures reveal strong relationships among (i) the rate 

and extent of decay and defluorination, (ii) head functional groups, (iii) fluoroalkyl chain length, 

and (iv) the position and number of C−F bonds with low BDEs. These relationships are further 

supported by the spontaneous cleavage of specific bonds during calculated geometry optimization 

of PFAS structures bearing one extra electron, and by the product analyses with high-resolution 

mass spectrometry. Multiple reaction pathways, including H/F exchange, dissociation of terminal 

functional groups, and decarboxylation-triggered HF elimination and hydrolysis, result in the 

formation of variable defluorination products. The selectivity and ease of C−F bond cleavage 

highly depends on molecular structures. These findings provide critical information for developing 
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PFAS treatment processes and technologies to destruct a wide scope of PFAS pollutants and for 

designing fluorochemical formulations to avoid releasing recalcitrant PFASs into the environment. 

2.1 Introduction 

The manufacturing, application, and disposal of fluorochemicals since the 1940s have led 

to worldwide pollution by per- and polyfluoroalkyl substances (PFASs).1,2 The U.S. EPA listed C7, 

C8, and C9 perfluorinated carboxylic acids (PFCAs) and C4, C6, and C8 perfluorinated sulfonic 

acids (PFSAs) on the Third Unregulated Contaminant Monitoring Rule (UCMR3) in 2012,3 and 

established health advisory levels for C8 perfluorooctanoic acid (PFOA) and 

perfluorooctanesulfonic acid (PFOS) in drinking water in 2016.4 Very recently, the states of 

Vermont5 and Massachusetts6 have updated the health advisory for five of the six PFASs in the 

UCMR 3 list (except for the C4 perfluorobutanesulfonic acid PFBS). The state of New Jersey 

adopted the maximum contaminant level of C9 perfluorononanoic acid (PFNA),7 and the state of 

North Carolina established the health advisory level for perfluoro-2-propoxypropanoic acid 

(GenX).8 Regulation has triggered substantial interest and efforts in developing PFAS treatment 

technologies.9,10 While physical separation (e.g., carbon adsorption, membrane filtration, and ion 

exchange) enables rapid PFAS removal from water,11−13 the enriched PFASs in physical separation 

wastes must be destroyed. Groundwater remediation and the treatment of PFASs in obsolete 

products and industrial wastes also require cost-effective destruction methods. Due to the 

challenges in cleaving highly stable C−F bonds (i.e., defluorination),10 novel technologies such as 

electrochemical,14−17 sonochemical,18−20 photocatalytic,21−23 mechanochemical,24,25 plasmatic,26 

radiolytic,27 and other oxidative and reductive methods9,28 have been developed for the 

defluorination of C8 PFOA and/or PFOS. However, PFASs have often been applied in complicated 

mixtures. For example, aqueous film-forming foams (AFFF) for fire-fighting contain at least 

hundreds of PFAS structures,29−31 most of which contain a fluorocarbon moiety with variable 
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lengths and head groups connecting to highly diverse organic moieties (Figure 2.1). A large 

diversity of PFAS structures has been identified in water bodies polluted by fluorochemical 

industries,32−35 fire-fighting practices,29,30,36 and landfill leachates.37 The extending list of regulated 

PFASs calls for the investigation into the treatment of PFASs beyond PFOA and PFOS. A 

fundamental and critical question is thus raised regarding the remediation of PFAS pollution: would 

the technologies developed for PFOA/PFOS defluorination remain effective for other PFAS 

structures? Alternatively, what structural factors control the rate and extent of PFAS 

defluorination?  

Studies on the chemical destruction of other PFASs beyond PFOA/PFOS (e.g., shorter 

chain analogues or new structures) have been very limited. While a small number of studies has 

tested individual PFCAs and PFSAs in the C4−C9 range38−40 and nonlinear structures,41−43 there has 

been little information available regarding the reactivity of many common PFASs such as 

fluorotelomers29,30,34,37 and short-chain acids.36,44 It is thus imperative to obtain a thorough 

understanding of the structure−reactivity relationship for (1) developing and assessing technologies 

to treat a broad spectrum of PFASs already released into the environment and (2) designing or 

modifying fluorochemical formulations to prevent future release of highly recalcitrant PFASs. 

Hydrated electrons (eaq
−) can be generated from H2O or specific chemicals under UV irradiation.45,46 

Being highly reactive in reduction reactions, the eaq
− has demonstrated excellent performance in 

cleaving C−F bonds. Since the pioneering work by Park et al.,40 recent studies have investigated 

different eaq
− source chemicals (e.g., iodide,40 sulfite,47 and indole48), eaq

− generation strategies,49 

and UV irradiation50,51 for the defluorination of PFOA and PFOS in aqueous solutions. At ambient 

temperature and in slightly basic solution (i.e., pH 9−10), a significant portion (50−90%) of C−F 

bonds can be cleaved from legacy PFOA47 and PFOS52 and the emerging GenX.41 The dominant 

reactive species in the recently reported plasmatic defluorination is also eaq
−.26 Still, the feasibility 
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of treating a wide spectrum of PFASs with eaq
− and the underlying structure−reactivity relationship 

remain unknown. Herein, we report on a series of unexplored but critical trends in the structural 

dependence for PFAS defluorination. By examining a broad collection of 34 PFAS structures with 

various head groups and chain lengths, this study provides comprehensive mechanistic insights, 

and will significantly contribute to the advancement of technologies and strategies for PFASs 

remediation and management. 

2.2 Materials and Methods 

Detailed information on chemicals and the preparation of PFAS stock solutions are 

described in Appendix A (AppxA). For the photochemical PFAS defluorination, a 600 mL solution 

containing 25 μM PFAS, 10 mM Na2SO3, and 5 mM NaHCO3 (pH 9.5, adjusted by 1 M NaOH) 

was loaded in a closed-system photoreactor (cooled with 20 °C circulating water). The 18 W low-

pressure mercury lamps (254 nm narrow band irradiation) were used for all reactions. Aliquots of 

solution were taken at time intervals for up to 48 h. Detailed reaction setup and rationales for the 

selected experimental conditions are described in Appx A. The concentration of fluoride ion (F−) 

released from PFASs was determined by an ion selective electrode (ISE). The accuracy of F− 

measurement by the ISE in the solution matrix was validated by standard calibration and ion 

chromatography. The concentration of PFAS parent compounds was determined with liquid 

chromatography−triple quadrupole mass spectrometry (LC−MS/MS). Transformation product 

analyses were conducted by liquid chromatography−high resolution mass spectrometry 

(LC−HRMS). Full details of sample analysis are described in Appx A. Theoretical calculations 

were performed according to the method used by Liu et al.42 with details found in Appx A. 
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2.3 Results and Discussion 

2.3.1 Decay and Defluorination of PFASs.  

Perfluorocarboxylic Acids (PFCAs). Figure 2.2a shows the decay of n = 1−10 PFCAs 

(CnF2n+1COO−). Except for CF3COO−, the decay of PFCAs was complete within 8 to 12 h. Based 

on the concentration of F− released from the PFAS molecules into the aqueous solution, the overall 

defluorination ratio (deF%) is defined in Equation 2.1): 

overall deF% = 
CF 

C0 x NC-F
x 100%    (2.1)  

where CF
− is the molar concentration of F− ion released in solution, C0 is the initial molar 

concentration of the parent PFAS, and NC−F is the number of C−F bonds in the parent PFAS 

molecule. The deF% for n = 2−10 PFCAs gradually leveled off to ∼55% within 24 to 48 h (Figure 

2.2b and Table 2.1). LC−MS/MS quantification of shorter-chain PFCAs and LC−HRMS analysis 

of partially defluorinated products did not fully close the mass balance with the identified charged 

intermediates and end products (see PFAS Degradation Product Analysis section). A surprising 

result is the 100% defluorination from trifluoroacetate (TFA, CF3COO−), while the rate of its 

degradation was slower than all n ≥ 2 PFCAs. The contrasting results between n = 1 TFA and n ≥ 

2 PFCAs suggest new mechanistic insights (to be discussed in later sections). Transformation 

product analysis and discussion of degradation pathways for all PFAS categories examined in this 

study are presented in later sections.  

Fluorotelomer Carboxylic Acids (FTCAs). We extended the investigation from PFCAs 

(CnF2n+1COO−) to FTCAs (CnF2n+1−CH2CH2−COO−) since a large variety of PFASs synthesized via 

telomerization contains one or more −CH2− groups between the fluoroalkyl chain and the 

headgroup (Figure 2.1).53 In comparison to PFCAs, the presence of −CH2CH2− in FTCAs resulted 

in significant persistence and dependence on CnF2n+1 length for both parent compound decay 
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(Figure 2.2c) and F− release (Figure 2.2d and Table 2.1). Significant degradation was observed only 

for n ≥ 5 FTCAs. After 48 h, the highest overall deF% was 37% for C8F17−CH2CH2−COO−. This 

ratio was lower than those for the PFCAs either with the same length of fluorocarbon chain, 

C8F17COO− (58%) or with the same length of the whole molecule, C8F17−CF2CF2−COO− (59%). 

Because a significant portion of the FTCA parent compounds still remained, the molecular deF% 

that considers the degraded portion (DG) of the parent compound is defined in Equation 2.2:  

molecular deF% = 
overall deF% 

DG
     (2.2)  

For the three relatively long-chain FTCAs (n = 6, 7 and 8) that showed both significant parent 

compound decay (15%, 37%, and 85%, respectively) and overall deF% (7.4%, 17%, and 37%, 

respectively) after 48 h, their corresponding molecular deF% are similar (49%, 46%, and 44% 

respectively). The results suggest that while FTCA parent compounds are much more recalcitrant 

than PFCAs, (1) longer CnF2n+1 in FTCAs provide higher reactivity, and (2) the reaction 

intermediates from the decayed portion of FTCAs provided ∼50% defluorination in a relatively 

fast manner, regardless of the recalcitrance of the parent FTCAs.  

Per- and Polyfluoro Dicarboxylic Acids (PFdiCAs). The comparison between PFCAs and 

FTCAs has clearly suggested that the direct linkage between −COO− and CnF2n+1 promotes 

defluorination. We further examined such effects in PFdiCAs (−OOC−CnF2n−COO−), which have 

also been detected recently in water environments.34 As shown in Figure 2.2e, the decay of parent 

PFdiCA compounds (n = 3−10) were complete within 4−8 h. The rates are faster than those for 

PFCAs (8−12 h, Figure 2.2a). The overall deF% at 48 h (identical to the molecular deF%, since the 

parent compound decay was complete for all PFCAs and PFdiCAs) were ∼67% regardless of CnF2n 

length (Figure 2.2f and Table 2.1) and deeper than those for PFCAs (∼55%). Similar to the case of 

CF3COO−, for −OOC−CF2CF2−COO− (n = 2) where each CF2 is directly linked to −COO−, its decay 
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and defluorination were significantly slower than long-chain PFdiCAs. Interestingly, the rate of 

decay for −OOC−CF2−COO− (n = 1) was similar to other long-chain PFdiCAs while the deF% was 

higher than all other PFdiCAs. However, the deF% was limited to 81% in comparison to the 100% 

for CF3COO−. In comparison to perfluorinated PFdiCA structures, retarded decay and 

defluorination of −OOC−CF2−CH2−COO− was observed (the “n = 1 telo*” in Figure 2.2e and f). 

Perfluoroalkanesulfonic Acids (PFSAs). With the different effects of −COO− versus 

−CH2CH2−COO− on defluorination observed, it is intriguing to also probe the effect of −SO3
− on 

the treatment of CnF2n+1SO3
−. Like the FTCAs, the decay (Figure 2.2g) and defluorination (Figure 

2.2h and Table 2.1) of n =4, 6, and 8 PFSAs showed significant dependence on chain length. This 

trend agrees with the study by Park et al.,40 where iodide was used as the source of eaq
−. In contrast 

to the almost complete defluorination of CF3COO−, the n = 1 CF3SO3
− showed negligible decay 

and defluorination. Thus, the effect of −SO3
− on eaq

− mediated defluorination is vastly different 

from that of −COO−. Similar with the FTCAs, n = 6 and n = 8 PFSAs that showed significant parent 

compound decay (50% and 96%, respectively) and overall deF% (32% and 57%, respectively) 

exhibited similar molecular deF% (64% and 59%, respectively) after 48 h. Similar results on PFOS 

degradation were found in a study by Sun et al.,49 where ∼50% molecular average deF% was 

observed for reactions in various experimental settings. Thus, like FTCAs, although PFSAs with 

different chain lengths showed varying rates of parent compound decay, the defluorination from 

the decayed portion was relatively fast toward a similar extent.  

2.3.2 Structural Effects and Mechanism insights on PFAS degradation.  

The experimental results have clearly shown that the rate of PFAS decay and defluorination 

highly depend on both the headgroup and the fluoroalkyl chain length. The direct linkage between 

the fluoroalkyl chain and −COO− seems critical for a fast defluorination reaction. As shown in 

Figure 2.2, the decay of all n ≥ 2 CnF2n+1COO− proceeded at a faster pace than F− release, indicating 
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that the degradation of reaction intermediates was slower than the transformation of parent 

structures. In contrast, the decay of FTCA and PFSA parent structures (e.g., n = 6/7/8 

CnF2n+1−CH2CH2−COO− and n = 6/8 CnF2n+1SO3
−) limits the processes of F− release, suggesting 

that the degradation of reaction intermediates was faster than the decay of parent structures. Results 

from a series of theoretical calculations and product analyses suggest deeper insights into the 

mechanisms and pathways for the reductive defluorination mediated by eaq
−.  

Theoretical Calculations of C−F Bond Dissociation Energies (BDEs). The C−F BDEs in 

all PFAS structures were calculated with density functional theory (DFT) in conjunction with an 

SDM polarizable continuum model (see App A for computational details). The full collection of 

BDE data is summarized in Tables A.1−A.8, and representative results are shown in Figure 2.3. As 

expected, BDEs of all primary C−F bonds (i.e., bonds on the terminal −CF3; 117.8−123.4 kcal 

mol−1) are higher than all secondary C−F bonds (i.e., bonds on −CF2−; 106.4−113.6 kcal mol−1).42 

In general, lower BDEs for both primary and secondary C−F bonds are observed in PFASs with 

longer fluoroalkyl chains (Figure 2.3a−c and h, i). This trend may explain why the rate of parent 

compound degradation was faster for longer chain FTCAs and PFSAs, where more −CF2− 

functional groups in the middle of the fluoroalkyl chains have low BDEs (typically ≤107.5 kcal 

mol−1). We note that the “decay” of a parent compound only needs one bond to be cleaved. 

Considering our calculation results and a previous theoretical study54 where the central −CF2− in a 

fluoroalkyl chain was found to have the highest affinity to the “extra” electron (i.e., eaq
− in this 

study), we propose that the first defluorination occurs at a middle −CF2− group in long-chain 

(typically n ≥ 5) FTCA and PFSA structures. As for PFCAs and PFdiCAs, the C−F BDEs for the 

α-position −CF2− (i.e., adjacent to −COO−; 106.5−107.3 kcal mol−1, Figure 2.3e and g) are all lower 

than those of α-position C−F bonds in FTCAs and PFSAs (109.2−113.6 kcal mol−1). From the 

experimental results, it appears that the α-position C−F bonds may contribute to the high reactivity 
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of PFCAs. This is also supported by the faster decay and higher defluorination ratio from PFdiCAs 

rather than from PFCAs by having two −COO− head groups (Figure 2.3g vs e) and lacking primary 

C−F bonds. However, the similarly low BDEs for β-position C−F bonds in PFSAs (Figure 2.3i vs 

e) did not promote the reaction of short-chain C4F9−SO3
− structure (Figure 2.2g), indicating that 

the BDE of individual bonds may not be the only factor determining the rate of reaction.  

Spontaneous Bond Cleavage in Electron-Added PFAS Radical Anion Structures. Since the 

defluorination of PFASs occurred upon the reaction with eaq
−, we further conducted DFT 

calculations of C−F BDEs of the radical anion after the original PFAS anion received an “extra” 

electron:  

CnF2n+1‒COO‒ + eaq
‒  → CnF2n+1‒COO⦁2‒   (2.3)  

To our surprise, when a geometry optimization was applied to the radical anions of PFCAs, FTCAs, 

and PFSAs, a spontaneous bond stretching was observed (Figure 2.4). One α-position C−F bond in 

C6F13−COO•2− was stretched to 4.5 Å, which indicates bond cleavage. The C4F9−COO•2− and 

C8F17−COO•2− analogs showed similar bond cleavage of α-position C−F bonds (Figure A.2). 

Hence, while the spontaneous bond cleavage makes it difficult to calculate BDEs in the unstable 

PFAS•2−, the calculation results for the original PFCA anions are informative for mechanistic 

interpretation or prediction of the reactions with eaq
−. As for FTCA radical anions, C−F bond 

stretching was observed in the middle of the fluorocarbon chain in C6F13−CH2CH2−COO•2− (Figure 

2.4). Although n = 4 and n = 8 FTCA radical anions did not show similar C−F bond stretching, the 

result from the n = 6 structure has already suggested the possibility of middle-chain C−F bond 

cleavage upon the reaction between FTCA anions and eaq
− (Figure A.4). The C−S bond stretching 

was observed for n = 4, 6, and 8 CnF2n+1−SO3•2−, indicating the dissociation of the sulfonate group 

upon the reaction between PFSA anions and eaq
− (Figure A.3). This result agrees with the previous 

mechanistic interpretation on PFOS degradation, where the C−S bond cleavage led to the formation 
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of PFOA.50 However, we highlight that calculations of C−F and C−S bond cleavage are not the 

sole degradation pathways for each category of PFASs (see below).  

PFAS Degradation Product Analysis. In previous studies on PFOA/PFOS defluorination 

with eaq
−, the total concentration of all shorter-chain PFCA products contributed to <3% of the 

initial PFOA/PFOS concentration.47,50 Here we used suspect screening of LC−HRMS data to 

identify other plausible products beyond the shorter-chain PFCAs (all results collected in Appendix 

Tables S9−S21). As shown in Figure 2.5a and Table A.11, the degradation of C7F15−COO− (PFOA, 

initial concentration 25 μM) produced at least two partially defluorinated products, C7F14H−COO− 

and C7F13H2−COO−, with the highest peak area of 2.42 × 108 at 4 h and 3.63 × 107 at 48 h, 

respectively. As analytical standards are not available for accurate quantification of those two 

products, the peak area is used to roughly estimate the relative abundance in comparison to the 

parent compound (assuming the ionization efficiencies vary within 1 order of magnitude). From 

the data, the max. peak intensities for C7F14H−COO− (upon one H/F exchange) and C7F13H2−COO− 

(upon two H/F exchanges) were 1 and 2 orders of magnitude lower than the parent C7F15−COO−, 

respectively. We point out that as reaction intermediates are subject to further degradation, the 

accumulative generation of these species could be much higher than the maximum concentration 

observed at a single time point. The shorter-chain PFHpA anion C6F13−COO− was also observed 

with the max. concentration of 265 nM at 1 h, corresponding to 1.1% of the initial PFOA. Low-

intensity peaks (<5 × 106 but higher than the arbitrary 105 threshold used for product identification) 

for other anions were also observed (summarized in Table A.11), such as C7F12H3−COO−, 

C7F11H4−COO−, and C7F9H6−COO− (i.e., three, four, and six H/F exchanges from PFOA), as well 

as C6F12H−COO− and C6F9H4−COO− (i.e., one and four H/F exchanges from the product PFHpA), 

and even shorter-chain C5F10H−COO− (i.e., one H/F exchange from the product PFHxA). The 

detection of products with more than two H/F exchanges from PFOA and PFHpA suggests that, 



 

 

48 

the weak C−F bonds in the middle of the long fluoroalkyl chain in PFCAs are also susceptible to 

cleavage. To further understand the fate of the chain-shortened PFHpA generated from PFOA 

degradation, we also characterized the products from the degradation of pure PFHpA (Figure 2.5b). 

Very similar to the degradation of PFOA, three major products from PFHpA are single-H/F-

exchange product C6F12H−COO− (peaked at 4 h), double-H/F-exchange product C6F11H2−COO− 

(peaked at 12 h), and the shorter chain PFHxA (peaked at 2 h, 1.3% of the added PFHpA). Further 

investigations of longer (e.g., PFDA and PFNA) and shorter PFCAs (e.g., PFHxA) also revealed 

very similar trends (Figure A.5 and Tables A.9−A.13). From the formation curves of the three 

major products, the maximum intensity of shorter chain PFCAs appeared earlier than those of the 

two H/F exchange products. Therefore, the degradation of PFCAs have at least two independent 

pathways, (i) H/F exchange without chain-shortening and (ii) formation of shorter-chain PFCAs. 

Specifically, the CnF2n−1H2−COO− built up in the reactions of all PFCAs (Figure A.5). We propose 

that the most probable structure for this product is Cn−1F2n−1−CH2−COO− (i.e., double H/F 

exchanges on the α-position carbon) for the following reasons. First, according to the calculated 

C−F BDEs in the CnF2n+1−COO− and the spontaneous C−F cleavage from the eaq
− added 

CnF2n+1−COO•2−, the first H/F exchange is highly likely to occur at the α-position. Second, if the 

first C−F bond is replaced by a C−H bond, the remaining C−F bond on the same carbon is 

significantly weakened (Text A.1) to become even more susceptible for the following H/F 

exchange. Third, as suggested by the recalcitrant decay of FTCAs, the separation of the fluoroalkyl 

chain and the −COO− with one −CH2− linker is the most probable structure showing recalcitrance. 

To further test the hypothesis regarding the slow reaction of CnF2n+1−CH2−COO− with only one 

−CH2− linker, we investigated a commercially available structure, CF3−CH2−COO− (structural 

analogues with longer fluorocarbon chains were not available to test). Compared to the 

perfluorinated CF3−CF2−COO− (53% defluorination) and CF3−COO− (100% defluorination), the 
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structure with a single −CH2− linker indeed showed very sluggish reactivity with only 2.2% 

defluorination measured after 48 h. As for PFSAs, we analyzed the products from the reactions of 

PFOS and PFHxS that exhibited significant decay and defluorination. Results suggest that the 

calculated spontaneous C−S cleavage is one of the two reaction pathways, the other being the H/F 

exchange without chain shortening. For PFOS degradation, products with one (C8F16H−SO3
−), two 

(C8F15H2−SO3
−), three (C8F14H3−SO3

−), and four H/F exchanges (C8F13H4−SO3
−) on the eight-

carbon PFOS backbone were observed in significant abundance (Figure 2.5c and Table A.14). The 

intensity of those four peaks were 2 orders of magnitude lower than the parent PFOS. Meanwhile, 

a series of PFCAs (from PFOA to PFBA) were also observed with low intensities (Table A.16). 

However, these PFCAs showed a similar abundance in the product mixture from PFOS 

degradation. For comparison, in the experiments starting from individual PFCAs, the chain-

shortened daughter PFCA was in much lower abundance than the parent PFCA (Figure 2.5a and 

b). Thus, the shorter-chain PFCAs observed in PFOS degradation were not generated from the 

sequential chain-shortening from PFOA. We found that the commercial PFOS reagent actually 

contained a small portion of shorter chain PFSAs such as PFHpS, PFHxS, and PFBS, and their 

corresponding H/F exchange products were also detected (Table A.15). Thus, the formation of 

PFCAs in relatively high abundance for all chain lengths might be attributed to the C−S cleavage 

of the corresponding PFSAs. Similar product profiles were observed for PFHxS degradation 

(Figure 2.5d and Tables A.17−19). The product analysis on the degradation of the telomeric 

C8F17−CH2CH2−COO− (Figure 2.5e and f; Tables A.20 and A.21) also suggested two reaction 

pathways. First, H/F exchange products were observed, for example, C8F16H−CH2CH2−COO− 

(peaked at 4 h) and C8F15H2−CH2CH2−COO− (peaked at 36 h). Based on our calculation results 

(Figure 2.3 and Table A.6), the most probable H/F exchange should occur in the middle of the long 

fluoroalkyl chain. Recall that the decay of shorter-chain FTCAs was very sluggish, most probably 
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due to the lack of low BDE C−F bonds. However, the formation of C9F12H5O2
−, C8F10H5O2

−, and 

C7F8H5O2
− (most probably with the structure CnF2nH−CH2CH2−COO−) cannot be explained at this 

moment. Unlike PFSA reagents that contain multiple shorter-chain impurities, the shorter-chain 

FTCAs were not detected in t = 0 samples (Table A.20), indicating that they were indeed generated 

from the chain-shortening of the n = 8 FTCA. It is not yet clear how the fluorocarbon chain was 

shortened without losing the −CH2CH2−COO− headgroup. Still, low intensities of PFCAs were 

observed (e.g., PFBA shown in Table A.21), indicating the dissociation of −CH2CH2−COO− as the 

second mechanism for FTCA degradation.  

2.3.3 Overall Reaction Mechanisms. 

Based on the experimentally observed PFAS decay and defluorination, DFT calculations, 

and degradation product analyses, the reaction mechanisms are summarized in Scheme 2.1. PFCAs 

(CnF2n+1−COO−) undergo two pathways upon reaction with eaq
− (Scheme 2.1a). First, two H/F 

exchanges occur sequentially on the α-position and yield Cn−1F2n−1−CH2−COO−, which has high 

recalcitrance. If the fluorocarbon chain is long, it is also possible to have additional C−F bond 

cleavage from middle −CF2− groups. Second, shorter-chain PFCAs are generated most probably 

from a decarboxylation mechanism (Scheme 2.1b), yielding an unstable perfluorinated alcohol 

(CnF2n+1−OH) that is subject to HF elimination.55 The resulted acyl fluoride is hydrolyzed to release 

the second fluoride ion, and the shorter-chain PFCA (Cn−1F2n−1−COO−) thus forms and enters the 

next reaction cycle.56 This decarboxylation−hydroxylation−elimination−hydrolysis (DHEH) 

pathway has been mainly inferred from prior literature47,50,55,56 and few recent studies have provided 

further insights on the stability of perfluorinated alcohol. However, there is some indirect evidence 

to support the DHEH mechanism. First, perfluorinated CnF2n+1−OH has been rarely reported as a 

bulk chemical. Instead, the widely used fluorinated alcohols are telomeric CnF2n+1−CH2−OH.57,58 

This fact may reflect the instability of CnF2n+1−OH. Second, an analogous structure, FCH2−OH, has 
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only been observed spectroscopically under low temperatures in a mixture of HCOH and HF (i.e., 

FCH2−OH ↔ HCOH + HF).59 This equilibrium supports the mechanism of HF elimination from 

structures with one −F and one −OH on the same carbon. We also found that the 100% 

defluorination of TFA (CF3−COO−) strongly supports this DHEH mechanism (Scheme 2.1c). First, 

TFA only has three high-BDE primary C−F bonds (Figure 2.3f) so that a direct C−F bond cleavage 

seems less likely. Second, our experimental results for DFA (CF2H−COO−) and MFA 

(CFH2−COO−) defluorination indicate that the previously proposed stepwise defluorination 

mechanism for TFA is less likely.60 As shown in Figure 2.6, although complete decay of fluorinated 

acetates was observed, the maximum defluorination from DFA and MFA was 78% and 57%, 

respectively. Hence, the stepwise reaction of TFA →DFA → MFA would not lead to a 100% 

defluorination as observed from TFA. The incomplete defluorination from MFA and DFA might 

be attributed to the rapid volatilization of FCH2−OH59 and F2CH−OH prior to HF elimination. 

Third, the closely synchronized profiles of decay and defluorination of TFA suggest that the change 

of TFA parent structure triggered rapid liberation of all three F− ions. While other reaction 

mechanisms have not been identified, the DHEH pathway is the most probable mechanism for 

PFCA chain-shortening and the accompanying F− release. If the PFCA degradation followed the 

single pathway of chain-shortening through the DHEH pathway, a complete defluorination would 

have been observed. Thus, the ∼55% max. 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 CF3CF2COO− structure, a DHEH as the first step will generate two F− and CF3COO−, 

which can be fully defluorinated in the second DHEH (deF% = 100%). Meanwhile, the H/F 

exchange as the first step will accumulate CF3CH2COO− with high recalcitrance (deF% = 40%). 

Thus, the overall ∼55% defluorination from CF3CF2COO− indicates a 75% probability for H/F 

exchange and 25% probability for DHEH as the first step. We also note that each shorter-chain 
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PFCA product will also undergo the two competing pathways, leading to the accumulation of H-

containing structures with high recalcitrance. For long-chain PFCAs and intermediates H/F 

exchange in the middle of fluoroalkyl chain is also possible (Table A.11). The presence of one 

more −COO− terminal group in PFdiCAs (∼67% max. defluorination) enables degradation from 

the other side of molecule. Either α-position H/F exchange or DHEH pathways from the second 

−COO− would lead to higher deF% than PFCAs, which have the most recalcitrant −CF3 on the 

other end. In addition, our results do not support the previously proposed PFOA degradation 

mechanism, where CnF2n+1−CH2−COO− (generated from CnF2n+1−CF2−COO−) decomposes to three 

pieces, •CnF2n+1, :CH2, and •COO−, and then the •CnF2n+1 and •COO− recombines into the shortened 

CnF2n+1−COO−.60 If this mechanism was dominant, the degradation of CF3−CH2−COO− would be 

fast, and the degradation of all n ≥ 2 PFCAs would be shortened stepwise to TFA and yield 100% 

defluorination. We also note that even if the three-piece decomposition could occur, the chance of 

recombination of the two radicals in very low concentration (e.g., sub-μM level) in water would be 

trivial. As for PFSAs and FTCAs, the first reaction pathway is H/F exchange on relatively weak 

C−F bonds, which mainly occur in the middle of the long-chain structures (Scheme 2.1d). We add 

that if the middle-chain −CF2− is reduced to −CH2−, the long fluorocarbon chain is thus divided 

into two short fluorocarbon chains, where most C−F bonds will have high BDEs (Figure 2.3b vs 

c). The other pathway 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 deF% values from the 

decayed portion of PFSAs (59−64%) and FTCAs (44−49%) in variable lengths support this 

speculation, which warrants further investigation. According to the MS peak areas of the parent 

compound and the identified degradation products (assuming they have similar ionization 

efficiency), the F mass balance seems not yet closed. This is probably because (1) the ionization 

efficiency may vary significantly for different products, leading to inaccurate estimation of product 
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abundances, (2) a portion of degradation products might have lost the charged headgroup and thus 

escaped from MS detection,42,43 and/or (3) novel products generated from other reaction pathways 

were not identified by the screening of suspect products from chain shortening and H/F exchange. 

The mechanisms for some reactions still remain elusive. For example, FTCA chain shortening 

occurred with the −CH2CH2−COO− headgroup remaining. In the degradation of PFOS and PFHxS, 

high intensities of H/F exchange structures (C4F8H−SO3
− and C3F6H−SO3

−) were observed (Tables 

A.15 and A.18) despite that PFBS and PFPrS are highly recalcitrant. These results suggest that 

there are still unknown degradation mechanisms involved in PFAS degradation with eaq
−. However, 

since this treatment strategy is not very effective to short fluorocarbon chains that are not directly 

linked to −COO−, mechanistic investigation on the unfavorable pathways goes beyond the focus of 

this study. Instead, priority of research should be given to further improving the rate and extent of 

the degradation of recalcitrant PFAS structures. 

2.3.4 Critical Implications to PFASs Remediation and Management.  

A series of critical environmental implications can be explicitly made from the findings of 

this study. First, the direct linkage between fluoroalkyl chain and −COO− is highly beneficial for 

reductive defluorination with eaq
−. From the remediation perspective, chemical61 and biological62 

trans- formation of telomeric structures are expected to produce PFCAs for significantly enhanced 

defluorination efficiency of the following treatment step with eaq
−. From the management 

perspective, perfluorinated sulfonates with short fluoroalkyl chains36 should be applied with caution 

due to their sluggish reactivity with eaq
− and their recalcitrance to oxidation. We accentuate that the 

future design of mixed AFFF formulation should seriously consider the treatability of specific 

PFAS structures to avoid the recalcitrance against remediation efforts. Second, further elevated 

defluorination can be expected from the optimization of reaction conditions (e.g., selection of 

chemicals for eaq
− generation,49,63 UV energy and intensity,50,51 and the use of heterogeneous 
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materials48) and the development of technologies with novel working principles.24,25 Lastly, since 

other emerging technologies such as electrochemical and plasmatic treatment have also observed 

slower degradation of C6 PFHxS than C8 PFOS,15,26 we emphasize the necessity of examining a 

variety of representative structures as the PFAS contamination in the real world are usually present 

as a mixture of diverse structures. 
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2.4 Tables and Figures 

Table 2.1 Overall Defluorination Ratio of PFASs in Variable Fluoroalkyl Chain Lengths after 48 

h of Reaction.a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm 

irradiation (18 W low-pressure Hg lamp) at pH 9.5 and 20 °C. Errors indicate standard deviation of 

triplicate reactions. 
bData not available because the chemical was commercially unavailable, too costly to afford, or not 

readily soluble in water (for long-chain structures). 

 

 

  

         

chain 

length 

(n) 

  

F(CF2)n− 

COOH 

 HOOC− 

(CF2)n− 

COOH 

 F(CF2)n− 

CH2CH2− 

COOH 

  

F(CF2)n− 

SO3H 
         

 1  98.2 ± 5.0  81.4 ± 4.2  0.73 ± 0.11  0.94 ± 0.18 

 2  53.3 ± 4.9  63.2 ± 4.3  0.94 ± 0.16  N/Ab 

 3  51.1 ± 8.0  65.5 ± 4.4  1.1 ± 0.1  N/Ab 

 4  56.1 ± 4.7  65.8 ± 2.1  0.71 ± 0.15  4.6 ± 0.8 

 5  51.0 ± 4.4  N/Ab  4.1 ± 0.2  N/Ab 

 6  55.1 ± 1.6  64.3 ± 2.2  7.4 ± 1.8  31.8 ± 0.8 

 7  56.5 ± 2.4  65.7 ± 3.9  17.1 ± 3.2  N/Ab 

 8  58.2 ± 1.2  63.6 ± 2.7  33.4 ± 1.0  57.0 ± 1.2 

 9  49.1 ± 6.4  N/Ab  N/Ab  N/Ab 

 10  59.5 ± 0.6  67.0 ± 0.5  N/Ab  N/Ab 
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PFOA (n=7) PFOS (n=8)

Sulfonate-derived surfactant (n=4)

Telomeric surfactant (n=6)

TFA (n=1)

Carboxylate-derived surfactant (n=8)

Figure 2.1 Examples of PFAS structures detected in the environment (n indicating the variable 

length of CnF2n+1 shown in the figure; organic moiety in AFFF surfactants shaded in blue). 

Surfactant structures were taken from refs 29 and 31. 
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Figure 2.2 Time profiles for PFAS parent compound decay and defluorination. Reaction 

conditions: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 

W low-pressure Hg lamp for 600 mL solution), pH 9.5 and 20 °C. Full degradation profile for TFA 

(n = 1 PFCA) is shown in Figure 2.6. 
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Figure 2.3 Calculated C−F BDEs (kcal mol−1) of selected PFASs at the B3LYP-D3(BJ)/6-

311+G(2d,2p) level of theory. Calculation results for all structures are tabulated in Tables A.1−A.5. 
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Figure 2.4 Geometry-optimized structure of the adducts of the three n = 6 PFAS anions with an 

eaq
− (PFAS•2−) at the B3LYP-D3(BJ)/6-311+G(2d,2p) level of theory. 
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Figure 2.5 Representative degradation products from (a) PFOA, (b) PFHpA, (c) PFOS, (d) PFHxS, 

and (e+f) n = 8 FTCA. All detected species including those in low intensities are summarized in 

Tables A.6-A.18. 
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derivatives. Reaction conditions are the same as indicated in Figure 2.2. 



 

 

62 

Scheme 2.1 Proposed Overall Reaction Mechanisms for PFAS Degradation and Defluorination. 
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CHAPTER 3: DEGRADATION OF PERFLUOROALKYL ETHER CARBOYXLIC 

ACIDS WITH HYDRATED ELECTRONS: STRUCTURE-REACTIVITY 

RELATIONSHIPS AND ENVIRONMENTAL IMPLICATIONS 

Abstract 

This study explores structure−reactivity relationships for the degradation of emerging 

perfluoroalkyl ether carboxylic acid (PFECA) pollutants with ultraviolet-generated hydrated 

electrons (eaq
−). The rate and extent of PFECA degradation depend on both the branching extent 

and the chain length of oxygen-segregated fluoroalkyl moieties. Kinetic measurements, theoretical 

calculations, and transformation product analyses provide a comprehensive understanding of the 

PFECA degradation mechanisms and pathways. In comparison to traditional full-carbon-chain 

perfluorocarboxylic acids, the distinct degradation behavior of PFECAs is attributed to their ether 

structures. The ether oxygen atoms increase the bond dissociation energy of the C−F bonds on the 

adjacent −CF2− moieties. This impact reduces the formation of H/F-exchanged polyfluorinated 

products that are recalcitrant to reductive defluorination. Instead, the cleavage of ether C−O bonds 

generates unstable perfluoroalcohols and thus promotes deep defluorination of short fluoroalkyl 

moieties. In comparison to linear PFECAs, branched PFECAs have a higher tendency of H/F 

exchange on the tertiary carbon and thus lower percentages of defluorination. These findings 

provide mechanistic insights for an improved design and efficient degradation of fluorochemicals. 

3.1 Introduction 

Since the 1940s, per- and polyfluoroalkyl substances (PFASs) have been extensively used 

in a wide range of applications because of their unique properties (e.g., hydrophobicity, 

lipophobicity, and thermal stability) as well as their relative ease in chemical design and 

synthesis.1−5 The highly stable C−F bond makes PFAS molecules recalcitrant to natural and 

engineered degradation,6 leading to global PFAS pollution7 and worldwide efforts on PFAS 
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regulation.8−11 Fluorochemical industries have been phasing out the production and use of some 

legacy PFASs [e.g., perfluorooctanoic acid (PFOA)]2,12 because of their heavy pollution of the 

environment and high toxicities to humans.13,14 Perfluoroalkyl ether carboxylic acids (PFECAs) 

that contain ether C−O bonds in molecules have been developed as “less bioaccumulative 

alternatives” to full-carbon-chain predecessor PFASs.15 However, toxicological studies have 

revealed an even higher bioaccumulation potential and toxicity of some PFECAs than PFOA,16−19 

and PFECAs have been recognized as a new class of contaminants of emerging concern (Figure 

3.1).20−23 At some sites in North America and in Europe, PFECAs have been detected in much 

higher concentrations than legacy PFASs.24,25 Furthermore, because of the facile synthesis of 

PFECAs from flexible choices of fluoroalkene oxide building blocks (e.g., Figure B.1)26 and the 

formation of byproducts,27 the diversity of PFECA contaminants identified in the environment has 

been rapidly increasing.27−29 While physical separation methods (e.g., carbon adsorption, ion 

exchange, and membrane filtration) enable rapid PFAS removal from contaminated water,30 

concentrated PFASs in carbon/resin regeneration waste and membrane rejects still require 

degradation treatment. Various novel methods, such as electrochemical,31 sonochemical,32 

radiolytic,33 plasmatic,34 and other oxidative and reductive approaches,30,35 have been primarily 

developed for the degradation of PFOA and perfluorooctane sulfonic acid. A few studies have 

investigated the destruction of selected PFECAs, including sonochemicaloxidation with 

persulfate,36 photocatalytic oxidation with phosphotungstic acid under pressurized O2,37 and 

reduction with ultraviolet (UV)-generated hydrated electrons (eaq
−).38,39 These early studies have 

revealed a variety of mechanistic insights on PFECA degradation. In particular, reductive 

degradation of branched PFECAs (e.g., GenX in Figure 3.1) using eaq
− is much more effective than 

oxidative degradation using sulfate radicals.38,39 However, a systematic understanding of reaction 

pathways and structure−reactivity relationships has not yet been established. Recently, our research 
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team has systematically studied the reductive defluorination of full-carbon-chain PFASs by eaq
− 

produced from aqueous sulfite under UV irradiation.40 The degradation mechanisms for 

perfluorocarboxylic acids (PFCAs) and fluorotelomer carboxylic acids (FTCAs) are significantly 

different. FTCAs (RF−CH2CH2−COO−, where RF represents the fluorocarbon moiety) are much 

more recalcitrant than PFCAs (RF−COO−), especially when the chain length of RF is short. The 

incomplete defluorination of PFCAs can also be attributed to the formation of polyfluorinated 

RF−CH2−COO− products.40 These findings indicate the importance of a direct linkage between RF 

and −COO− to allow an effective degradation of full-carbon-chain PFASs using eaq
−. In comparison, 

the flexible incorporation of ether linkages in PFECAs generates various oxygen-segregated 

fluoroalkyl moieties, which can be either branched or linear in variable lengths. This novel 

structural diversity raises fundamental questions regarding mechanistic understanding and 

pollution control: (1) Mechanistically, what roles do the ether C−O bond and other structural 

features play in PFECA degradation using eaq
−? (2) Practically, in comparison to full-carbon-chain 

PFCAs, can PFECAs be treated with a higher effectivity by these promising reductive 

technologies? To answer these questions, we investigated the reductive defluorination of 10 

PFECAs with (i) varying numbers of ether C−O bonds, (ii) varying chain lengths of oxygen-

segregated fluoroalkyl moieties, and (iii) branched versus linear fluoroalkyl structures. To achieve 

a comprehensive understanding, we conducted kinetic measurements on parent compound decay 

and fluoride ion (F−) release, theoretical calculations on C−F/C−O bond dissociation energies, 

spontaneous bond cleavage upon reaction with eaq
−, and transformation product (TP) analyses with 

high-resolution mass spectrometry. These results collectively reveal and confirm novel mechanistic 

insights into PFECA degradation. These findings will advance treatment technologies for existing 

PFECA pollutants and facilitate the molecular design of fluorochemicals with enhanced 

degradability.  



 

 

71 

3.2 Materials and Methods 

This study utilized 10 PFECAs with fine-tuned structural variability in 4 categories (A1 

through D2 in Table 3.1) and 2 special compounds [trifluoropyruvate (TFPy) CF3−CO−COO− and 

trifluoromethoxyacetate (TFMOA) CF3−O−CH2−COO−] for mechanistic investigations. Detailed 

information on these chemicals is included in the Appendix B (App B). Preparation of PFECA 

stock solutions, photochemical reaction settings, sample analysis, and theoretical calculations have 

been fully described in our previous work (open access).40 We used consistent reaction conditions 

to compare the degradation behavior between PFECAs and traditional full-carbon-chain PFCAs. 

Briefly, the photochemical degradation of individual PFECAs was carried out in 600 mL closed-

system batch reactors equipped with a low-pressure mercury lamp (254 nm, 18 W, enclosed in a 

quartz immersion well). Both the reactor and immersion well were connected to circulating cooling 

water at 20 °C. The reaction mixture contained 25 μM PFECA, 10 mM Na2SO3, and 5 mM 

NaHCO3, and the pH was adjusted to 9.5 with NaOH. The released F− was measured with an ion-

selective electrode, which has been validated for quantification accuracy by ion chromatography 

(IC). All reactions were conducted in triplicates of operations from the preparation of stock solution 

to the quantification of the defluorination percentage (deF %), which is defined as 

deF % = 
CF‒

C0 x NC‒F
x 100%    (3.1)  

where CF
− is the molar concentration of F− released in solution, C0 is the initial molar concentration 

of parent PFECAs, and NC−F is the number of C−F bonds in the parent PFECA molecule. Reaction 

samples were analyzed with a liquid chromatography−triple quadrupole mass spectrometer 

(LC−MS/MS) for the quantification of parent compounds and TPs that have pure chemicals 

available as analytical standards. A liquid chromatography−high-resolution mass spectrometer 

(LC-HRMS) was also used for the screening of TPs without analytical standards. The quality 

assurance and quality control of our MS analyses have been addressed previously,40 with new 
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details provided in the App B for the PFECA degradation samples. Small ionic species including 

trifluoroacetate, TFPy, oxalate, perfluoromethoxyacetate (PFMOA, CF3−O−CF2−COO−), and 

TFMOA (CF3−O−CH2−COO−) were analyzed by an ion chromatograph equipped with a 

conductivity detector (specific separation conditions are described in the App B). 

3.3 Results and Discussion 

3.3.1 Degradation of PFECAs.  

Different Degradability between PFECAs and Traditional PFCAs. Figure 3.2 shows the 

decay and defluorination of four PFASs representing full carbon-chain PFCAs, linear PFECAs, 

and branched PFECAs. The parent compound decay is the fastest for the two traditional PFCAs 

and the slowest for the branched PFECA (Figure 3.2a). The order of parent compound decay rates 

for these structures does not match the order of their defluorination percentages. Figure 3.2b shows 

the distinct defluorination profiles between PFECAs and traditional PFCAs as well as between 

linear and branched PFECAs. All four PFASs showed an initial period of rapid F− release, followed 

by slower F− release before reaching a plateau. However, the initial rates of defluorination from the 

two PFECAs are slower than those from the two PFCAs. In particular, the linear PFECA showed 

a slower initial rate but a significantly deeper defluorination than perfluoroheptanoic acid (i.e., 75 

vs 55% of the 13 F atoms in each molecule). In contrast, the branched PFECA showed both a slower 

rate and a lower extent of defluorination than perfluorononanoic acid (i.e., 40 vs 58% of the 17 F 

atoms in each molecule). These results suggest new structure−reactivity relationships governing 

PFECA degradation. To systematically understand these mechanisms, we extended our study to 10 

individual PFECAs, which exhibited structure-specific profiles of parent compound decay and 

defluorination (Table 3.1 and Figure 3.3). 

Different Degradability of Four PFECA Structure Categories. Category A includes 

structures A1−A3 with branched −CF3 groups, which are the acid forms of hexafluoropropylene 
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oxide dimer, trimer, and tetramer (HFPO−DA, HFPO−TrA, and HFPO−TeA), respectively. The 

initial rates of parent compound decay were similar (Figure 3.3a), but longer structures showed a 

lower deF % (Figure 3.3b). The defluorination percentages of these branched PFECAs (31−45%) 

were significantly lower than those of traditional PFCAs (∼55%) under the same reaction 

conditions.40 Category B includes monoether structures B1−B3 with the CF3O− head group and 

linear −(CF2)n− moieties (n = 1, 2, and 3, respectively) before the terminal −COO− group. The 

decay of B2 and B3 finished within 12 h (Figure 3.3c), and the time profiles for their parent 

compound decay were similar to full carbon-chain PFCAs (Figure 3.2a).40 The final defluorination 

percentages are also similar (61 and 52% for B2 and B3, respectively, vs 55% for PFCAs). In stark 

contrast, whereas the decay of B1 (n = 1) was much slower than those of B2 and B3, the deF % 

was substantially higher (91%). From the kinetic data, it seems that these CF3−O−(CF2)n−COO− 

structures behave similarly to F(CF2)n−COO− under reductive treatment. In our previous study,40 

the decay of CF3−COO− took 24 h to complete while the deF % was almost 100%, whereas the 

decay of all longer PFCAs took 8−12 h to complete, but the maximal deF % was ∼55% (Table 3.1, 

entry E1 vs E2). We further tested two linear multiether PFECA categories, C and D. Both 

categories contain tetrafluoroethylene oxide (TFEO) building blocks, but the head groups are 

CF3O− and C4F9O−, respectively. With −O−CF2−COO− as the end group, the parent compound 

decay became slow again (cf. Figure 3.3e,g). Like the decay profile for the long-molecule A3 

(Figure 3.3a), the decay of the long-molecule D2 was also incomplete within 48 h. The other three 

structures C1, C2, and D1 showed profiles similar to the decay of B1. The notable difference 

between these two PFECA categories is that C1 and C2 with their short CF3O− head groups yielded 

a significantly higher deF % (82 and 75%, respectively) than D1 and D2 with their long C4F9O− 

head groups (58 and 65%, respectively) (cf. Figure 3.3f vs 3h).  
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3.3.2 Structural Effects on PFECA Degradation.  

The kinetic data shown above indicates the following characteristics of PFECA 

degradation in comparison to traditional PFCAs: (1) branched PFECAs show slower decay and 

lower defluorination; (2) linear PFECAs exhibit slower decay if they contain −O−CF2−COO− end 

groups or a very similar rate of decay if more than one −CF2− linker is present in the 

−O−(CF2)n−COO− functional group; (3) linear PFECAs containing shorter oxygen-segregated 

fluoroalkyl moieties showed a higher deF % To interpret these interesting results on the molecular 

level, we conducted theoretical calculations and TP analyses.  

Theoretical Calculations of C−F and C−O BDEs. The bond dissociation energies (BDEs) 

of C−F and ether C−O bonds in all PFECA structures were calculated with density functional 

theory. Representative results are shown in Figure 3.4, and the full data sets are collected in Figures 

B.2−B.5. We identified new trends for C−F BDEs in PFECAs compared to full-carbon-chain 

PFCAs. First, the ether oxygen increases the BDE of C−F on the adjacent fluorocarbons. While the 

terminal −CF3 in long fluoroalkyl chains has a typical C−F BDE < 119 kcal mol−1 (Figure 

3.4d,f,h,i), the inclusion of ether oxygen atoms increased the C−F BDE to 120−123 kcal mol−1 

(Figure 3.4a−c,g). In fluorinated molecules, the ether oxygen acts as an electron-donating group 

like the −CH2− group in FTCAs (Figure 3.4e). With multiple oxygen atoms in the chain, the 

relatively weak C−F bonds in long-chain PFCAs were not found in linear PFECAs (cf. Figure 3.4f 

vs 4g,h). In particular, the typically weak C−F bond at the α-position of PFCAs (i.e., BDE < 108 

kcal mol−1, Figure 3.4d,f) does not exist in linear PFECAs with an ether oxygen at the β-position 

(i.e., RF−O−CF2−COO−, BDE > 111 kcal mol−1, Figure 3.4a,g,h). However, when the fluoroalkyl 

chain adjacent to −COO− is longer (i.e., n = 2 or 3 in RF−O−(CF2)n−COO−), the weak C−F bond at 

the α-position appears again (Figure 3.4b,c). These novel trends on C−F BDEs in linear PFECAs 

corroborate the different rates of parent compound decay. The two structures with the weak α-
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position C−F bonds (B2 and B3 in Figure 3.3c) showed a rate of decay similar to the full-carbon-

chain PFCAs (Figure 3.2a), whereas the other RF−O−CF2−COO− structures showed slower parent 

compound decay (B1, C1, and C2 in Figure 3.3c,e).  

As for the branched PFECAs, the inclusion of ether oxygen atoms showed a similar effect 

on increasing the C−F BDEs. In comparison to a full-carbon-chain branched PFCA that contains 

very weak tertiary C−F bonds,41 the oxygen atoms in HFPO−TrA significantly strengthen all 

secondary and tertiary C−F bonds (cf. Figure 3.4i vs 4j). Although the HFPO oligomer acids 

contain distinctly weak tertiary C−F bonds (i.e., BDE < 104 kcal mol−1), the rates of the parent 

compound decay were slower than those of most of the linear PFECAs (Figure 3.3). Thus, other 

mechanisms and considerations beyond the cleavage of weak C−F bonds are likely responsible for 

the degradation of branched PFECAs. As the cleavage of ether C−O bonds has been proposed for 

the degradation of HFPO−DA,38,39 we further examined the BDEs of C−O bonds in all PFECAs. A 

very interesting phenomenon is the “asymmetric” strength of the two C−O bonds on the first ether 

linkage counted from the terminal −COO− (Figure 3.4k−n). On this ether oxygen atom, the C−O 

bond away from −COO− has a considerably lower BDE (63−73 kcal mol−1) than the other one 

closer to −COO− (78−94 kcal mol−1). This phenomenon was observed in all PFECAs regardless of 

the total number of ether linkages, branched versus linear molecular backbone, or the distance 

between −COO− and the first ether linkage (cf. Figure 3.4k vs 4l). The BDE difference between 

those two C−O bonds in the three branched PFECAs ranges from 14.7 to 18.3 kcal mol−1, and the 

difference in linear PFECAs is even greater, from 19.8 to 23.3 kcal mol−1 (see Figures B.2−B.5 for 

full data sets). However, if the PFECA molecule contains multiple ether oxygens, the pairs of C−O 

bonds in the remaining ether linkages have similar BDEs (i.e., only with small differences ranging 

from 0.1 to 3.4 kcal mol−1, Figure 3.4m,n). In addition, because of the electron-withdrawing effect 
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by the −CF3 branches, the BDEs of these “normal” C−O bonds in branched multiether structures 

(82−84 kcal mol−1) are lower than those in linear multiether structures (89−97 kcal mol−1).  

Spontaneous Bond Cleavage in Electron-Added PFECA Radical Anion Structures. The 

distinctly weak C−O bond in all PFECAs and the relatively weak tertiary C−F bonds in branched 

PFECAs imply the potential cleavage of these bonds during the reaction. To verify this hypothesis, 

we further conducted geometry optimization of the radical anion [RF−COO]•2− upon adding an 

extra electron (which simulates an eaq
−) to the original PFECA anion (RF−COO−).40 As expected, 

the spontaneous stretching of the α-position C−F bonds (Figure 3.5a,b) and ether C−O bonds 

(Figure 3.5c,d) was observed. The distance between the two atoms stretched considerably longer 

than the normal length for C−O and C−F bonds (i.e., bond cleavage). The results for all PFECA 

structures are collected in Figures B.6 and B.7. Interestingly, although the calculated C−O bond 

cleavage in [RF−COO]•2− structures indeed occurred at the first ether linkage counted from the 

−COO− group, the cleaved C−O bond was not the “significantly weaker one” as calculated in the 

original RF−COO− (e.g., Figure 3.5c vs 3.4n). This discrepancy could be due to the addition of the 

extra electron, which altered the bonding structure of PFECA anions. More importantly, the 

calculation shows that C−O bond cleavage can be a major pathway for PFECA degradation by eaq
−. 

The previously elucidated cleavage of weak C−F bonds40 was also observed both from branched 

PFECAs (with very weak tertiary C−F bonds) and from the linear structure B1 CF3−O−CF2−COO− 

where the α-position C−F BDE is relatively high (112 kcal mol−1). These results suggest that C−F 

bond cleavage can be another degradation pathway, even if the inclusion of ether oxygen atoms 

causes many C−F bonds to be more recalcitrant than those in full-carbon-chain PFCAs. 

PFECA Degradation Product Analysis. The above theoretical calculations have indicated 

the possibility of C−F and C−O bond cleavage. On the basis of our previous study, the 

decarboxylation−hydroxylation−HF elimination−hydrolysis (DHEH) is another major degradation 
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pathway for structures with the fluoroalkyl moiety directly linked with −COO−.40 Hence, we 

hypothesized that the degradation of PFECAs takes place via at least three pathways: (i) cleavage 

of weak C−F bonds and the formation of C−H bonds (i.e., H/F exchange), (ii) DHEH, and (iii) 

characteristic cleavage of ether C−O bonds. To detect the TPs and confirm the degradation 

pathways, we used both targeted analysis with triple quadruple mass spectrometry and suspect 

screening with high-resolution mass spectrometry data (all results are collected in Tables B.3−B.9). 

A series of TPs was detected, which supports all three proposed degradation pathways. The overall 

TP detection and the corresponding degradation pathways from the longest PFECA in each of the 

four structure categories are discussed below (Figure 3.6, and Schemes 3.1 and 3.2). The reaction 

schemes proposed for individual PFECAs are provided in Schemes B.1−B.10. As shown in Figure 

3.6a, the degradation of A3 HFPO−TeA generated A2 HFPO−TrA and A1 HFPO−DA daughter 

products. The maximum concentrations of A2 (7.9 μM) and A1 (3.7 μM) were detected at 8 and 

12 h, respectively. We attribute this transformation to the cleavage of the first C−O bond counted 

from the terminal −COO− group. The two fragments reacted with H2O to form two perfluorinated 

alcohols, which were not stable and subject to HF elimination to acyl fluoride.42,43 The subsequent 

hydrolysis generated carboxylic acid, resulting in the net conversion from RF−CF2OH into 

RF−COO− and two F−. The C−O cleavage on the first ether linkage counted from −COO− shortens 

HFPO−TeA into HFPO−TrA and then into HFPO−DA, which can be further degraded into 

CF3CF2−COO− via another C−O cleavage (Scheme 3.1). Each round of C−O cleavage also 

generated the same product CF3CF(OH)−COO−, which underwent further HF elimination into 

CF3−CO−COO− (TFPy), as structures with F and OH on the same carbon (e.g., FCH2OH) are 

generally unstable.44 We confirmed the formation of TFPy during the degradation of HFPO−DA 

with IC detection (Figure B.8). Like CF3−COO− (trifluoroacetic acid, TFA), pure TFPy also 

showed near complete defluorination (Figure B.9), and TFA is a possible degradation intermediate 
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(Figure B.10). Although TFA was not detected in our samples from HFPO−DA degradation, we 

have elucidated that TFA can be generated from both CF3CF2−COO− and TFPy and then 

completely mineralized via the DHEH pathway (Scheme 3.1b).40 Suspect screening using the 

HRMS data identified a series of H/F exchange products from the HFPO oligomer acids. On the 

basis of our calculations, we assign the C−H bonds to the branched carbons (particularly the α-

position branched carbon) where weak tertiary C−F bonds are located (Figure 3.6b and Scheme 

3.1a). We also observed products missing one or more −CF3 groups (i.e., H/CF3 exchange). By 

comparing the results with those for linear PFECAs, such TP structures missing −CF3 groups are 

specific for branched PFECAs. Therefore, we interpret the transformation pathway to be the 

cleavage of the branching −CF3 rather than the terminal −CF3. In addition, the degradation products 

and reaction schemes from pure HFPO−DA and HFPO−TrA (Tables B.3 and B.4 and Schemes B.1 

and B.2) further corroborate the mechanistic insights obtained from HFPO−TeA degradation. For 

the degradation of B3 (CF3−O−CF2CF2CF2−COO−), the C−O bond cleavage mechanism was 

confirmed by the detection of −OOC−CF2CF2−COO− (Figure 3.6c and Scheme 3.2a). The head 

CF3− group was thus believed to be fully defluorinated via the formation of unstable CF3−OH. The 

DHEH mechanism was also confirmed by the generation of B2 CF3−O−CF2CF2−COO−. The 

HRMS detection of two products with one and two H/F exchanges on the parent compound (most 

probably at the α-position) is not surprising (Figure 3.6d). The degradation of the two multiether 

linear PFECAs C2 and D2 also followed the three reaction pathways, which are supported by the 

TPs identified (Figure 3.6e−h). Although the C−F BDEs of the α-position −CF2− in these structures 

are higher than those in full-carbon-chain PFCAs (Figure 3.4g vs 3.4f), the H/F-exchanged TPs 

were detected, thus corroborating the spontaneous C−F bond stretching by theoretical calculations 

(Figure 3.5a). Additionally, the C−O bond cleavage in B1 (also in category C and D structures that 

contain −O−CF2−COO−) was supposed to generate HO−CF2−COO−, which should further 
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decompose into oxalate (−OOC−COO−). IC detection confirmed the formation of oxalate (Figure 

B.11), thus further consolidating this C−O bond cleavage mechanism.  

3.3.3 Overall Mechanistic Insights into Reductive PFECA Degradation.  

On the basis of the degradation kinetics, theoretical calculations, and TP analyses, we have 

confirmed that the PFECAs have three pathways for the reductive degradation by eaq
−: (1) ether 

C−O bond cleavage, (2) C−C bond cleavage, including the decarboxylation step of DHEH and the 

cleavage of −CF3 from branched PFECAs, and (3) direct C−F bond cleavage followed by H/F 

exchange. Here, we categorize the first two as indirect pathways for defluorination and the third 

one as a direct pathway for defluorination. It is worth noting here that all three independent 

pathways are enabled upon PFECAs interacting with eaq
−. First, control experiments with UV 

irradiation without adding sulfite showed very slow and limited degradation (Figure B.12). Second, 

spontaneous C−O bond cleavage was observed after the PFECA anion received an extra electron 

(Figure 3.5). Third, the generation of eaq
− from sulfite has been confirmed by spectroscopic 

observations,45,46 and other chemicals such as iodide47 and indole48 have also been used as the 

source of eaq
−, which have achieved similar results for PFOA defluorination. The cleavage of the 

C−O or C−C bond in PFECAs will generate perfluoroalcohols, which will undergo HF elimination 

and the following hydrolysis to yield two F− and the corresponding carboxylic acids. This 

mechanism has been collectively supported by (1) the decay of HFPO and TFEO oligomer acids 

into shorter analogues (Figure 3.6a,e,g, supporting C−O cleavage) and the decay of B3 into B2 

(Figure 3.6c, supporting C−C cleavage), (2) the generation of −OOC−CF2CF2−COO− from B3 

(CF3−O−CF2CF2CF2−COO−) and the generation of −OOC−COO− from RF−O−CF2−COO− 

structures, and most importantly (3) the high deF% of linear PFECAs with short oxygen-segregated 

fluorocarbon moieties. The results in Figure 3.3d,f,h show a clear trend that PFECAs containing 

longer fluorocarbon moieties (rather than a longer length of the molecule) yielded a lower deF %. 
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Because the perfluoroalcohol decomposition can only ensure the liberation of two F− ions, if this 

step yields a full-carbon chain PFCA containing two or more fluorocarbons, a relatively easy H/F 

exchange on the α-position will occur, yielding RF−CH2−COO−. As previously elucidated, the 

reductive defluorination of this product is very sluggish, especially when the RF moiety is short 

(i.e., lack of weak C−F bonds).40 Among all PFECAs, B1 (CF3−O−CF2−COO−) allowed an 

outstanding deF % at 91% because either C−O cleavage or decarboxylation will trigger the 

perfluoroalcohol decomposition mechanism to liberate all five F− from the two oxygen-segregated 

single fluorocarbons. We hypothesized that the incomplete defluorination was attributed to the 

minor chance of H/F exchange on the α-position (Figure 3.5a). To verify this hypothesis, we 

examined the degradation of polyfluorinated CF3−O−CH2−COO− under the same reaction 

conditions (Figure 3.7). As expected, the −CH2− group at the α-position leads to a high recalcitrance 

in comparison with B1 (Figure 3.3c,d). However, to our surprise, the degradation at 24 h (30%) 

was much higher than the full-carbon-chain counterpart CF3CH2−COO− (<2%).40 The overall deF 

% of 28% indicates near-complete defluorination of the decayed 30% fraction of the parent 

compound, and the time profiles of the parent compound decay and defluorination are highly 

symmetric. These results support the degradation mechanism of C−O bond cleavage rather than a 

stepwise H/F exchange. Therefore, C−O bond cleavage can still occur in a polyfluorinated ether 

structure, with a hydrocarbon moiety segregating the −COO− group from the fluorinated moiety. 

The rate is faster than in a polyfluorinated full-carbon-chain structure, but slower than in a 

perfluorinated ether structure. For comparison, under the same reaction conditions, the deF % for 

the full-carbon CF3CF2−COO− was 53%.40 In our previous study, by assuming that CF3CF2−COO− 

will take either H/F exchange (forming the highly recalcitrant CF3CH2−COO− with negligible 

further degradation, with an overall deF % of 40%) or DHEH (leading to 100% defluorination via 

forming CF3−COO−), we estimated that the probability of CF3CF2−COO− undergoing the H/F 
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exchange versus DHEH is 75 versus 25%.40 Similarly, if all B1 CF3−O−CF2−COO− first undergoes 

C−O or C−C bond cleavage, 100% defluorination would be achieved. If all B1 first undergoes H/F 

exchange to yield CF3−O−CH2−COO− (deF % = 40% at this step), which then undergoes slow 

degradation for up to 30%, this would result in 40% + 60% × 30% = 58% defluorination. Hence, 

to yield an overall defluorination of 91% through the two competing pathways, the probability for 

B1 to undergo H/F exchange is only 21%. This significantly decreased probability of H/F exchange 

from 75 to 21% should be attributed to the increased α-position C−F BDE in the RF−O−CF2−COO− 

structures (Figure 3.4a,g,h). This mechanistic insight also explains the low deF % for B2 

CF3−O−CF2CF2−COO− and B3 CF3−O−CF2CF2CF2−COO−, as the lower α-position C−F BDEs 

(Figure 3.4b,c) enabled easier H/F exchange. In Figure 3.3, the parent compound decays of B2 and 

B3 were faster than those of all RF−O−CF2−COO− compounds. The formation of −CH2− at the α-

position significantly slowed down further degradation. In contrast, all PFECAs that allowed higher 

deF % than PFCAs (∼55%)40 contain only short (C1 or C2) fluorocarbon moieties, which suppress 

the direct defluorination via H/F exchange (an unfavorable pathway, typically breaking weak C−F 

bonds) and enhance the indirect defluorination via C−O or C−C bond cleavage (a favorable 

pathway, breaking all C−F bonds on the carbon bearing −OH, regardless of the BDEs). The above 

mechanistic insights also explain the degradation pattern of branched PFECAs. The branching 

−CF3 generates distinctly weak tertiary C−F bonds, especially at the α-position (Figures 3.4i and 

B.2). As shown in Figures 3.5b and 3.6b, these structures have a high tendency to undergo H/F 

exchange. The following cleavage of the branching −CF3 leads to the formation of −CH2− at the α-

position, thus retarding further degradation. The longest structure A3 has three tertiary C−F bonds; 

thus, the parent A3 and the C−O cleavage products A2 and A1 all have a high probability of an 

unfavorable H/F exchange. Therefore, A3 showed the lowest deF % among the three branched 

PFECAs. From the HRMS data for all PFECAs (Tables S3−S11), in general, the TPs with one H/F 
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exchange increased at the beginning of the reaction and then slowly decreased. In contrast, the two 

H/F exchange TPs slowly accumulated throughout the reaction, indicating high recalcitrance. In 

comparison to linear PFECAs and full-carbon-chain PFCAs, the slower parent compound decay of 

branched PFECAs is probably attributed to the kinetic hindrance by the branching −CF3. We note 

that earlier studies by Bao et al.38,39 on the degradation of HFPO oligomer acids (A1, A2, and A3) 

observed a significantly faster parent compound decay and higher deF % than our observations. In 

comparison to our reaction settings (one UV lamp for a 600 mL solution, pH 9.5, and 10 mM 

sulfite), Bao et al. used considerably more favorable conditions, including intense UV irradiation 

(16 similar UV lamps for a 45 mL solution), tripled basicity (pH 10), and a doubled sulfite 

concentration (20 mM). Because the duplication of using 20 mM sulfite at pH 10 in our 

photoreactors (one UV lamp for a 600 mL solution) achieved limited improvements on deF % 

(Figure B.13), the significantly higher defluorination observed by Bao et al.38,39 should be attributed 

to the higher intensity of the 254 nm UV irradiation. Nonetheless, by comparing all PFECA 

compounds, we have identified new structural features allowing much deeper defluorination than 

HFPO oligomers. We expect that further enhanced degradation of PFECA structures can be 

achieved under energy−efficient reaction conditions, which are under optimization in our lab. 

3.3.4 Implications for Fluorochemical Design and Environmental Remediation.  

As seen from the diverse PFECA structures involved in this study, the design of PFECA is 

highly flexible as multiple fluorinated building blocks can be integrated into the molecule in various 

sequences. Although the design rationale of individual PFECAs (e.g., branched vs linear and the 

length of oxygen-segregated fluorocarbon moieties) and their targeted properties for specific 

industrial applications remain largely unknown to the environmental chemistry community, we are 

able to identify critical molecular features that can lead to enhanced PFECA degradation using 

reductive approaches. UV irradiation (on sulfite, iodide, indole, or hydroxyl radical 
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scavengers),46−49 plasma treatment,34 and high-energy irradiation33 all involve eaq
− as a primary 

reactive species. In general, the switch from full-carbon-chain PFCAs to PFECAs has indeed 

brought in unique advantages that enable deeper defluorination, including (1) spontaneous 

defluorination from alcohol intermediates upon C−O cleavage and (2) suppressed H/F exchange 

due to the strong C−F bonds. To minimize the incomplete defluorination caused by the conversion 

into recalcitrant products (e.g., with −CH2− separating the fluoroalkyl moiety and −COO−), a 

desirable structural feature is RF−O−CF2−COO−. In other words, the last building block of the 

PFECA molecule can be a TFEO; after the epoxide ring opens, the alcohol product 

RF−O−CF2CF2OH will transform to RF−O−CF2−COO−. As elucidated in earlier sections, the 

relatively high BDE of the α-position C−F favors indirect defluorination through C−O cleavage 

and decarboxylation. The other desirable structural feature is to limit the length of other 

fluorocarbon moieties segregated by ether oxygen atoms. If the chain length is C1 (either CF3−O− 

or −O−CF2−O−), the C−O cleavage is expected to provide complete defluorination of that 

fluorocarbon moiety. This prediction, which is based on model PFECAs studied in this work, can 

be further examined when chemicals containing −O−CF2−O− moieties [e.g., 

CF3−(O−CF2)n−O−CF2−COO−, n = 1 to 3]24,27 become available for experimental tests. Because 

the oxygen atoms substantially increase C−F BDEs (Figure 3.4), direct H/F exchange on C1 or C2 

fluorocarbon moieties (not linked with −COO−) is less likely. However, for C2 fluorocarbon 

moieties (e.g., −O−CF2CF2−O−), the formation of −O−CF2−COO− will still induce a low 

probability of H/F exchange. On the other hand, the mechanistic insights from this study will guide 

the development of PFECA degradation technologies. In particular, if direct defluorination cannot 

be fully avoided, effective degradation of the recalcitrant polyfluorinated products will be necessary 

to ensure deep or complete defluorination. Although we observed poor defluorination from the 

branched PFECAs that contain very weak tertiary C−F bonds and a long C3 fluorocarbon moiety, 
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studies by Bao et al.38,39 have achieved deep defluorination of those structures by applying a high 

UV intensity. Therefore, coordinated efforts from both fluorochemical design (e.g., developing 

PFECAs with high degradability) and environmental remediation (e.g., optimizing the 

consumption of energy and chemicals) can be expected to transform the development, use, and 

treatment of fluorinated chemicals, with minimal adverse impact on the environment. 
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3.4 Tables and Figures 

Table 3.1 Overall Defluorination Percentages of PFECAs after 48 Hours of Reaction.a 

Entry Structure n deF% 

 A. Branched (HFPO oligomers)  
A1 

 

1 44.9 ± 5.3 

A2 2 36.5 ± 2.9 

A3 3 30.8 ± 4.2 

   

   

   

 B. Mono-ether with head CF3O–   

 

 

  

B1 1 90.5 ± 2.1 

B2 2 61.2 ± 7.5 

B3 3 52.3 ± 3.1 

   

   

 C. TFEO oligomers with head CF3O–  

 

 

  

C1 1 82.3 ± 4.4 

C2 2 75.0 ± 3.8 

   

   

 D. TFEO oligomers with head C4F9O–  
 

 

  

D1 1 58.0 ± 4.0 

D2 2 65.4 ± 6.3 

   

   

 E. Full-carbon-chain PFCAsb  

E1 

 

1 98.2 ± 5.0 

E2 2-10 54.5 ± 3.5 

   

   
aReaction condition: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate buffer 

(5 mM), 254 nm irradiation (a 18 W low-pressure Hg lamp for 600 mL 

solution) at pH 9.5 and 20°C.  

bData from Ref. 39 for comparison. The average and standard deviation of 

the deF% value for n = 2−10 is based on 27 data points (nine PFCA 

structures with triplicates). 
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Perfluoro(2-methyl-3-oxahexanoate)

(GenX® – CAS No. 62037-80-3)

3H-perfluoro-3-[(3-methoxy-propoxy)propionic acid)

(ADONA® – CAS No. 958445-44-8)

Perfluoro[(2-ethyloxy-ethoxy)acetic acid]

(EEA – CAS No. 908020-52-0)

Figure 3.1 Examples of commercial perfluorinated (GenX and EEA) and polyfluorinated 

(ADONA) ether carboxylic acids detected in the environment. 



 

 

87 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

0 12 24 36 48

P
F

A
S

 D
e

c
a

y
 (
C

/C
0
)

Time (h)

PFHpA

PFNA

PFECA-
Linear

PFECA-
Branched

(a)

(b)

0

20

40

60

80

100

0 12 24 36 48

D
e

fl
u

o
ri

n
a
ti

o
n

 (
%

)

Time (h)

PFHpA

PFNA

PFECA-Linear

PFECA-Branched

Figure 3.2 Time profiles for (a) parent compound decay and (b) defluorination percentages for two 

full-carbon-chain PFCAs with 13 and 17 F atoms, a linear PFECA with 13 F atoms, and a branched 

PFECA with 17 F atoms. Reaction conditions: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate 

buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL solution) at pH 9.5 

and 20 °C. 
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Figure 3.3 Time profiles of parent compound decay and defluorination for the four PFECA 

structure categories. Reaction conditions are described in the title of Figure 3.2. 
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(k) (l)

(m)

CF3–O–CF2–CF2–O–CF2–CF2–O–CF2–COO–
91.0 93.5 67.2 90.596.8 94.0

(n)

Figure 3.4 Calculated C−F BDEs (a−j) and C−O BDEs (k−n) (in kcal mol−1) of selected PFASs at 

the B3LYP-D3(BJ)/6-311+G-(2d,2p) level of theory. Results for all PFECA structures are 

collected in Figures B.2−B.5. Data for (d−f,j) are from refs 40 and 41. 
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3.4 Å
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2.4 Å

3.4 Å

(a) (b)

(d)

(c)

Figure 3.5 Geometry-optimized structure of the adducts of PFECA anions with an eaq
– (PFECA⦁2–) 

at the B3LYP-D3(BJ)/6-311+G-(2d,2p) level of theory, showing the stretching of C−F (blue) and 

C−O (red) bonds. Results for all PFECA structures are collected in Figures B.6 and B.7. 
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Figure 3.6 Representative degradation products of the longest compound in each structure category 

(A3, B2, C2, and D2, C0 = 25 μM). Reaction conditions are described in the title of Figure 3.2. For 

each structure, quantified products with standard compounds are shown in the left panel, and 

species without standard compounds are presented in peak areas in the right panel. All detected 

species are listed in Tables B.3−B.11 
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Scheme 3.1 Degradation Pathways for (a) HFPO Oligomer Acids Starting from the Longest 

Compound A3 and (b) the Daughter Product PFPrA; Detected TPs are Highlighted. 
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Scheme 3.2 Degradation Pathways for the Three PFECA Structure Categories Starting from the 

Longest Compound (a) B3, (b) C2, and (c) D2; Detected TPs are highlighted. 
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CHAPTER 4: ENHANCED DEGRADATION OF PERFLUOROCARBOXYLIC ACIDS 

(PFCAs) BY UV/SULFITE TREATMENT: REACTION MECHANISMS AND SYSTEM 

EFFICIENCES AT PH 12 

Abstract  

Reductive defluorination with UV-generated hydrated electrons (eaq
−) is a promising 

technology for the destruction of perfluorocarboxylic acids (PFCAs, CnF2n+1COO−). However, prior 

studies using pH 9−10 observed a slow reaction rate, limited defluorination percentage (deF%), 

and thus high energy consumption. Herein, we report on the substantially enhanced rate and extent 

of PFCA defluorination by operating the UV/sulfite system at the optimized pH 12. Degradation 

kinetics and transformation products show that at pH 12 the eaq
− cleaved multiple strong C−F bonds 

that could not be cleaved at pH 9.5. The high pH condition also significantly favored the preferred 

decarboxylation pathway toward a deep defluorination. In comparison to the reactions at pH 9.5, 

the increase in solution pH to 12 improved the UV lamp energy efficiency by 5−22 folds, enhanced 

the deF% of C3−C9 PFCAs to 73%−93%, and reduced the overall consumption of chemicals. 

4.1 Introduction 

The global environmental pollution by per- and polyfluoroalkyl substances (PFAS)1−3 

requires remediation technologies to be both effective and efficient. While separation methods 

(e.g., carbon adsorption, ion exchange, and membrane filtration) provide rapid PFAS removal from 

polluted water,4−6 concentrated PFAS compounds in the wastewaters from sorbent regeneration or 

membrane rejection must be destructed. As the biological degradation of PFAS is sluggish,7,8 a 

variety of physicochemical approaches (e.g., electrochemical,9,10 photochemical,11,12 plasmatic,13−15 

sonochemical,16−18 and radiolytic19) for PFAS destruction have been under development.20,21 These 

technologies utilize reductive and oxidative species to cleave the highly stable C−F bonds22 from 
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PFAS molecules (i.e., defluorination). Currently, most approaches are challenged by (1) slow 

parent compound decay, (2) limited extent of defluorination, and (3) high energy consumption. 

Reductive defluorination using UV-generated hydrated electrons (eaq
−)23−25 is a 

homogeneous process in aqueous solution. The reaction of dissolved PFAS molecules, especially 

the short-chain structures, is not limited by the mass transfer from the bulk solution to the 

water−solid (e.g., electrode surface or photocatalyst particle) or water−gas (e.g., in plasma or 

sonochemical systems) heterogeneous interfaces.10,14,18 Among the eaq
− source chemicals (e.g., 

sulfite,26 iodide,27 amino acids,28 and indoles29) used for PFAS destruction, sulfite has already been 

applied in various wastewater treatment processes,30−32 and the final product is the nontoxic sulfate. 

Despite the advantages, the UV/sulfite approach has been challenged by the high energy 

consumption of UV lamps.25,33 In our previous study using a low-pressure 254 nm mercury lamp 

at pH 9.5, the decay of n ≥ 2 perfluorocarboxylic acid (PFCAs, CnF2n+1COO−) parent compounds 

took 8−12 h. The completion of a partial defluorination from those PFCAs required an even longer 

time of 24−48 h.25 Higher intensity (e.g., using multiple 254 nm lamps)34 or higher energy UV 

irradiation (e.g., using medium-pressure lamps with a wide emission spectrum)35 could accelerate 

the reaction, but the energy consumption became even higher. Earlier studies on UV/iodide36 and 

UV/amino acid28 systems had observed better performance at higher pH; however, most studies 

using eaq
− for PFAS destruction chose the pH at 9−10,34,35,37−40 probably for consistency with earlier 

reported conditions.  

In this Letter, by raising the pH from 9.5 to 12, we observed substantially enhanced rates 

and extents of defluorination from PFCAs. PFCAs are not only a major category of PFAS pollutants 

but also the degradation intermediates from fluorotelomers (upon oxidation of hydrocarbon 

moieties)7,41 and perfluorosulfonic acids (upon C−S bond cleavage).25,33 Transformation product 

(TP) analyses and tests using model structures reveal new mechanistic insights into the effects of 
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pH elevation. Further optimization of the UV/sulfite reaction conditions demonstrates that a simple 

pH adjustment will significantly save both electrical energy and chemical reagents needed for a 

deep destruction of PFCA pollutants.  

4.2 Materials and Methods 

Details of chemicals and experimental procedures are described in Appendix C (App C). 

To compare the effects of pH and other key parameters of the UV/sulfite system, the photoreactor 

settings and reaction conditions closely followed our previous work (open access).25 Briefly, an 

aqueous solution (600 mL) containing 25 μM of individual PFCA compounds, 5 mM of NaHCO3, 

and 10 mM of Na2SO3 was treated by an 18 W low-pressure mercury UV lamp at 20°C (with water 

bath cooling). Control experiments have excluded direct photolysis of PFCAs by the minor 185 nm 

VUV emission42 (Figure C.2). The initial pH was adjusted to 9.5−12.0 by NaOH and monitored 

with a Radiometer Analytical PHC2401−8 pH electrode, which has a working range of pH 0−12. 

The pH of 12.3 (equivalent to 20 mM OH−) was achieved by adding another 10 mM NaOH after 

the solution pH was adjusted to 12.0. The pH drifts after all reactions were less than 0.3. Sulfite 

slowly decayed during the reaction, with at least 20% remaining by 8 h at pH 12.0 and by 24 h at 

pH 9.5 (Figure C.3). Sample analyses of the released fluoride ion (F−), PFCA parent compounds, 

and TPs have been described in our previous work,25 and the details for pH 12 experiments are 

described in App C. The defluorination percentage (deF%) is defined as the concentration ratio 

between the released F− in solution and the total F in the parent PFCA molecule prior to the reaction.  

4.3 Results and Discussion 

When the solution pH was increased from 9.5, the UV/sulfite treatment of the probe 

compound, PFOA, showed faster rates and higher percentages (Figure 4.1a). We identified pH 12.0 

as the optimal condition after comparing the kinetics data measured at multiple pH values between 

11.0 (equivalent to 1 mM of OH−) and 12.3 (equivalent to 20 mM of OH−). At pH 12, the optimal 
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Na2SO3 concentration was 10 mM (Figure 4.1b). The use of pH 12 and 10 mM sulfite enhanced 

PFCA destruction in multiple aspects. The n ≥ 2 CnF2n+1COO− structures showed similar 

degradation kinetics regardless of the chain length. From pH 9.5 to 12, a greater than 99.9% decay 

of 25 μM parent compounds was substantially accelerated from 8−12 h to less than 1 h (Figure 

4.1c), and the time to reach the deF% plateau was shortened from greater than 24 h to 4−8 h (Figure 

4.1d). Most importantly, the maximum deF% values were significantly enhanced to 73%−93% 

(Table 4.1). The n = 1 CF3COO− (trifluoroacetate, TFA) is much more recalcitrant than n ≥ 2 

PFCAs. At pH 9.5, the completion of both decay and defluorination of TFA required more than 24 

h.25 In stark contrast, at pH 12, the parent compound decay and 100% defluorination were 

completed within 1 and 4 h, respectively.  

To quantitatively demonstrate the energy saving by pH control, we calculated the electrical 

energy per order (EE/O),43,44 which is defined as the number of kilowatt-hours (kWh) of electrical 

energy required to reduce the pollutant concentration by 1 order of magnitude per m3 of water. At 

pH 9.5, the EE/O for n = 1 TFA and n ≥ 2 PFCAs were 457 and 77−174 kWh m−3, respectively 

(Table 4.1). At pH 12, as the reactions became much faster, the corresponding EE/O was 

substantially reduced to 20 kWh m−3 for TFA and 10−16 kWhm−3 for n ≥ 2 PFCAs.  

Previous studies have provided initial mechanistic insights, on the effects of pH, from the 

perspectives in the concentration and lifetime of eaq
−. Song et al.26 correlated the initial deF% from 

PFOA to the pseudosteady-state concentration of eaq
−, which is generated from SO3

2− but quenched 

by HSO3−, S2O6
2−, and H+. Later on, using laser flash photolysis experiments, Maza et al.45 and Qu 

et al.36 observed higher absorbance and longer lifetime of eaq
− at higher pH (up to 10) in UV/sulfite 

and UV/iodide systems, respectively. We note that the pKa of HSO3
−/SO3

2− is 7.17,46 and most 

sulfite should be SO3
2− at pH > 9. At pH 7.5 and above, the aqueous sulfite solution shows the same 

level of absorption at 254 nm.47 Thus, the further enhancement of PFCA degradation from pH 9.5 
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to 12 can be attributed to the lowered concentration of H+ (see App C for the thermodynamic 

estimation that a lowered redox potential of eaq
− allows the cleavage of more recalcitrant C−F 

bonds) and probably additional unknown pathways involving other reactive species.23,48 We aimed 

at elucidating the molecular transformations corresponding to the enhanced availability of eaq
− at 

pH 12.  

First, the degradation kinetics of TFA at pH 12 revealed a different mechanism from that 

at pH 9.5. In comparison to n ≥ 2 PFCAs, TFA is distinctively recalcitrant because the calculated 

bond dissociation energy (BDE) of the C−F bond in CF3−COO− is 116.8 kcal mol−1,25 which is 

significantly stronger than the weak α-position C−F bonds in n ≥ 2 PFCAs (Cn−1F2n−1−CF2−COO−, 

with BDEs of 106.8−107.3 kcal mol−1).25 At pH 9.5, the profiles of TFA decay and F− release are 

nearly symmetric (Figure 3.2a), indicating that the transformation of the CF3−COO− parent 

structure triggers a rapid cleavage of all three C−F bonds through the DHEH pathway25,49,50  

CF3−COO− + eaq
− → ? → CF3−OH  (Decarboxylation and Hydroxylation)  

CF3−OH + OH− → FC(O)F + F− + H2O  (HF Elimination)  

FC(O)F + 4OH− → CO3
2− + 2F− + 2 H2O (Hydrolysis) 

We note that the mechanism for the decarboxylation−hydroxylation step remains elusive49 

because the role of eaq
− is unclear, while direct photolysis of PFCA by 254 nm UV did not occur 

(Figure C.2). At pH 9.5, difluoroacetate (DFA, CF2H−COO−), monofluoroacetate (MFA, 

CFH2−COO−), and acetate (CH3−COO−) were not detected throughout TFA degradation, 

suggesting that H/F exchange from TFA was not allowed. In contrast, at pH 12, while greater than 

99% decay of the TFA parent compound was already achieved within 1 h, the complete 

defluorination required 4 h (Figure 4.2a), and we identified DFA, MFA, and acetic acid as major 

TPs from TFA degradation (Figure 4.2b). From the initial 25 μM of TFA, the maximum 

concentrations for these products were 2.4 μM at 8 min for DFA, 3.5 μM at 45 min for MFA, and 
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15.4 μM at 4 h for acetate. Experiments using DFA and MFA as the starting compounds (Figure 

C.4) further consolidated the stepwise degradation pathway of TFA → DFA → MFA → acetate 

(Figure 4.2c). Because the final concentration of acetate was lower than the starting fluorinated 

precursors, DHEH is still another major pathway for the degradation of TFA, DFA, and MFA.25 

Thus, at pH 12, the increased concentration, lifetime, and lowered redox potential of eaq
− enable the 

H/F exchange pathway by directly cleaving the relatively strong C−F bonds. Still, these C−F BDEs 

are lower than those in CF3−CH2−COO− (121.5 kcal mol−1) and CF3−CH2CH2−COO− (122.7 kcal 

mol−1).25 At pH 12, the deF% values from these two polyfluorinated structures at 24 h were merely 

8.8% and 10.3%, respectively, although higher than the deF% values achieved at pH 9.5 (2.2% and 

0.7%).25 Therefore, the capability of eaq
− in directly cleaving very strong C−F bonds is still limited 

even at pH 12.  

We further extended the mechanistic investigation to n ≥ 2 PFCAs. The shortest n = 2 

CF3CF2−COO− (PFPrA) was chosen as the probe. According to our proposed PFCA degradation 

mechanism,25 PFPrA will undergo either (1) DHEH to yield TFA, leading to complete 

defluorination, or (2) stepwise H/F exchange of the weak α-position C−F bonds to sequentially 

yield CF3CFH−COO− and CF3CH2−COO− (Figure 4.2f). As mentioned above, CF3CH2−COO− is 

still recalcitrant at pH 12. The monitoring of TPs from 250 μM PFPrA (Figure 4.2d versus e) shows 

that the high pH significantly accelerated H/F exchange reactions. At pH 9.5, the maximum 

concentrations of CF3CFH−COO− (27.3 μM) and CF3CH2−COO− (41.0 μM) were reached at 4 and 

24 h, respectively (Table C.3). At pH 12, the maximum concentrations of these two intermediates 

(22.9 μM and 33.2 μM) were reached at 1 and 8 h, respectively. At both pH conditions, the 

concentrations of TFA were maintained at a relatively constant level (2.8−3.1 μM at pH 9.5 and 

4.3−5.8 μM at pH 12). However, we note that this “steady-state” presence of TFA is a balance 

between formation and degradation. Since TFA degradation at pH 12 was much faster than at pH 
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9.5 (Table 4.1), it follows that much more TFA should have formed during the PFPrA degradation 

at pH 12 than at pH 9.5. In other words, the probability of taking the DHEH pathway is significantly 

increased at high pH.  

This mechanistic insight is further corroborated by the results of longer-chain n = 5−8 

PFCAs. At pH 12, the maximum molar concentrations of the chain-shortened PFCA products (e.g., 

n = 7 PFOA generated from n = 8 PFNA) were 3.1%−5.7% of the initial parent PFCAs (Table C.4; 

detailed degradation data shown in Tables C.5−C.10). These ratios are 6−10 times of those at pH 

9.5 (0.5−1.0%). Still, as all PFCAs can be rapidly degraded at pH 12, the total amount of chain 

shortened PFCA intermediates should be higher than the measured concentrations, which results 

from the balance between formation and degradation.  

If DHEH was the only degradation pathway, each DHEH step would remove the α-position 

CF2 and eventually yield TFA, thus achieving 100% defluorination. Therefore, the incomplete 

defluorination from n ≥ 2 PFCAs can be attributed to the undesirable H/F exchange, which 

generates recalcitrant products such as Cn−1F2n−1−CH2−COO−.25 If the Cn−1F2n−1 chain is long (i.e., 

containing relatively weak C−F bonds on the middle carbons),25 further H/F exchange reactions 

can occur and get enhanced at the high pH. Indeed, we observed TPs with up to eight H/F exchanges 

on the PFNA skeleton (i.e., C8F9H8−CO2
− from C8F17−CO2

−) at pH 12 (Figure 4.3a). For TPs with 

up to five H/F exchanges, their intensity reached the maximum at 1 h and then decreased. Only the 

two TPs with six and eight H/F exchanges showed slowly increasing or plateaued concentrations 

(Figure 4.3b). In contrast, we only detected TPs with up to three H/F exchanges on PFNA at pH 

9.5 (Figure 4.3c).25 Only the TP with one H/F exchange reached the maximum at 2 h and then 

decreased. The TPs with two and three H/F exchanges kept the increasing trend (Figure 4.3d). The 

increased number of CH2 moieties in the molecular skeleton will strengthen the remaining C−F 

bonds by generating isolated fluorocarbons (e.g., −CH2−CF2−CH2−).25 Therefore, the comparison 
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of H/F exchange TP profiles further confirms the significantly enhanced capability of eaq
− in 

directly cleaving relatively strong C−F bonds at high pH.  

We note that other reaction pathways are also possible, as the mass balance of the F element 

during the PFCA degradation cannot be fully closed by the sum of the F− and C−F bonds in all 

quantifiable fluorinated acids (e.g., Figures 4.2d and e). This should be caused by the formation of 

nonionizable or small TPs that cannot be detected by the detection method used in this study. 

Nevertheless, we have elucidated two distinct effects of the high solution pH on the molecular 

transformation of PFCAs by the UV/sulfite treatment. First, the probability of the favorable DHEH 

pathway is significantly increased. Second, the H/F exchange of stronger C−F bonds that cannot 

be cleaved at a lower pH is enabled. While both improvements could be attributed to the enhanced 

reaction kinetics and thermodynamics at high pH, more spectroscopic and theoretical investigations 

are warranted for a deeper understanding.  

Rather than directly treating drinking water containing ppt levels of PFAS, this energy- 

and chemical-intensive UV/sulfite technology is suitable for treating concentrated PFAS (e.g., at 

ppm levels) in sorbent regeneration waste brines. The concentrated 5.6% NaCl only slightly 

lowered the PFOA treatment performance in brine (Figure C.5). We emphasize that because the 

wastes from sorbent regeneration and membrane rejection already contain concentrated salts or 

bases (e.g., 1% NaCl or 10 mM NaOH),51,52 the destruction of PFAS does not have to be restricted 

at a circumneutral pH condition. It is also worth noting that an elevated pH can reduce the overall 

consumption of chemicals. At pH 9.5, raising the concentration of Na2SO3 from 10 to 50 mM could 

only slightly enhance defluorination (Figure C.6). In comparison, the use of 10 mM Na2SO3 at pH 

12 (equivalent to 10 mM OH−) achieved a much higher rate and extent of defluorination. Therefore, 

operating the UV/sulfite system at pH 12 not only significantly enhances PFCA degradation but 

also greatly reduces the consumption of both electrical energy and chemicals. Our lab is examining 
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the application of UV/sulfite at pH 12 for treating PFAS-containing waste streams from separation 

processes. 
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4.4 Tables and Figures 

Table 4.1 Defluorination Ratio, Rate Constant, and EE/Oa of PFCAs at pH 9.5 and 12b 

        

   deF%  k (h–1)  EE/O (kWh m–3)b 
        

PFCA CnF2n+1COO− CnF2n+1 chain length (n)  pH 9.5 (24 h) pH 12 (8 h)  pH 9.5c pH 12c  pH 9.5c pH 12c 

           

 TFA 1  94 ± 3.8c 100 ± 2.0  0.15 3.44  457 20.1 

 PFPrA 2  54 ± 6.3 73 ± 2.0  0.66 5.14  105 13.4 

 PFBA 3  48 ± 5.2 92 ± 2.8  0.40 7.16  174 9.6 

 PFPeA 4  51 ± 2.7 79 ± 7.7  0.70 6.63  99 10.4 

 PFHxA 5  49 ± 6.4 89 ± 2.4  0.57 5.78  121 12.0 

 PFHpA 6  49 ± 2.9 83 ± 0.8  0.52 5.69  132 12.1 

 PFOA 7  52 ± 5.6 93 ± 1.6  0.56 4.38  122 15.8 

 PFNA 8  52 ± 1.8 82 ± 0.6  0.89 5.05  77 13.7 

aEE/O: number of kilowatt-hours of electrical energy required to reduce the parent PFCA concentration by 1 order of 

magnitude per m3
 of water. 

bReaction conditions: individual PFCA (0.025 mM), Na2SO3 (10 mM), carbonate (5 mM), 254 nm irradiation (18 W low-

pressure Hg lamp for 600 mL solution) at 20 °C. Errors indicate standard deviation of triplicate reactions.  
cWe note that the data for n ≥ 2 PFCAs demonstrate high similarities other than significant differences between individual 

structures (cf. Figure 4.1c).  
dAt pH 9.5, deF% of TFA reached 100% after 48 h.25 
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Figure 4.1 Defluorination profiles from n = 7 PFOA using (a) 10 mM Na2SO3 at various solution 

pH and (b) various sulfite concentrations at pH 12. Profiles for (c) parent compound decay and (d) 

defluorination of trifluoroacetic acid (n = 1) and longer-chain PFCAs (n = 2−8, averaged) at pH 9.5 

and pH 12 with 10 mM Na2SO3. Reaction conditions: individual PFCA (0.025 mM), carbonate (5 

mM), and 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL solution) at 20 °C. 
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Figure 4.2 Time profiles for (a) parent compound decay and defluorination of n = 1 TFA at pH 9.5 

and 12. (b) TPs and defluorination from TFA at pH 12. Comparison of parent compound decay, TP 

formation, and defluorination of n = 2 PFPrA at (d) pH 12 and (e) pH 9.5. Reaction schemes are 

shown in panels (c) and (f). Reaction conditions: carbonate (5 mM) and 254 nm irradiation (18 W 

low-pressure Hg lamp for 600 mL solution) at 20 °C. 
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Figure 4.3 Time profiles for the decay of n = 8 PFNA and TP formation at pH 9.5 and 12. In panels 

(a) and (c), the scale for the TP peak area (right side) is 20% of the scale for the parent PFNA peak 

area (left side). Panels (b) and (d) are magnified displays for TPs with relatively low peak areas. 

Reaction conditions: PFNA (0.025 mM), carbonate (5 mM), and 254 nm irradiation (18 W low-

pressure Hg lamp for 600 mL solution) at 20 °C. 
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CHAPTER 5: RAPID PHOTOCHEMICAL DEGRADATION OF PERFLUORINATED 

CARBOXAMIDES 

Abstract 

This study investigates the reactivity of perfluorocarboxamides (PFCAms) in a UV/sulfite 

photochemical system. Utilizing PFCAms with the structure CnF2n-1−CONH2 (n = 1−5, 7, 9) a 

novel defluorination mechanism was identified that resembles the well-known Hofmann 

Rearrangement. This new reaction mechanism allows for the rapid destruction of linear PFCAms 

while recovering significant amount of organic fluorine as inorganic fluoride. The decay kinetics 

of the reaction appear dependent on fluoroalkyl chain length, with n = 1−5 showing faster kinetics 

than n = 7, and still, n = 9. For n = 3−7, defluorination reached 70% within 1 h. The short n = 1 and 

n = 2 PFCAms displayed high reactivity, but displayed lower defluorination compared to n = 3−7 

after 1 h. Subsequent experiments identified two reactivity trends dependent on chain-length: (1) 

rate of hydrolysis and (2) rate of H/F exchange. Thus, the lower defluorination observed within 1 

h of reaction is attributed to the increased rate of hydrolysis for n = 1 and increased rate of H/F 

exchange for n = 2 (H/F exchange was not observed for n = 1). Scavenging experiments were 

executed in order to identify the reactive species responsible. Based on results from solutions 

amended with various alcohols (oxidant scavenger) and nitrogen oxyanions (reductant scavenger) 

it has been determined the sulfite radical is responsible. Subsequent experiments investigating 

substitution of the terminal amine group found to inhibit undesired hydrolysis to the 

perfluorocarboxylic analog, most likely due to steric effects. Substitution of a primary C−F bond 

with the carboxamide functional group [H2N−(CF2)n−NH2] resulted in rapid and complete 

defluorination for n = 1−4. This novel reaction mechanism demonstrates the potential for per- and 

polyfluoroalkyl substances to be strategically designed to meet performance demands while 
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mitigating detrimental human and environmental affects due to their high recalcitrance to current 

treatment technologies.    

5.1 Introduction 

The manufacturing, application, and disposal of fluorochemicals have led to worldwide 

pollution by per- and polyfluoroalkyl substances (PFAS).1–3 Recent research efforts have 

substantially advanced the knowledge of detection,4–6 toxicity,7,8 removal,9–11 and destruction of 

PFAS pollutants.12,13 Perfluorocarboxylates (PFCAs, CnF2n+1−COO−), perfluoroalkanesulfonates 

(PFSAs, CnF2n+1−SO3
−), and fluorotelomers (CnF2n+1−(CH2)m−R) have received the most attention 

(Figure 5.1a) because they are either building blocks or natural degradation products of the highly 

diverse fluoro-organo conjugates used in fire-fighting foams,14 consumer products,15,16 batteries,17–

19 semiconductor production,20 and medical application.21 The fluoro and organo alkyl moieties are 

usually integrated by carboxamide, sulfonamide, or telomer hydrocarbon linkers.22 Natural 

degradation and conventional water treatment methods can hydrolyze or oxidize those linkers, 

yielding PFCAs and PFSAs as the highly recalcitrant end products.23–25 

Accordingly, a variety of chemical and materials approaches (e.g., photochemical,26 

electrochemical,27 sonochemical,28 photocatalytic,29 plasmatic,30 radiolytic,31 hydrothermal,32 and 

other novel materials approaches33) have been developed to cleave C−F bonds in PFCAs and 

PFSAs. Those methods utilize strong reducing species (e.g., hydrated electron eaq
–),34 oxidizing 

species (e.g., hydroxyl radical HO• and sulfate radical SO4
⦁–), or a combination of both. In 

particular, eaq
– can be generated from specific chemicals (e.g., sulfite35 and iodide26) under UV 

irradiation and directly cleave weak C−F bonds (i.e., bond dissociation energy BDE <117 kcal mol–

1).36 However, direct cleavage of relatively strong C−F bonds by eaq
– is challenging, yielding 

partially defluorinated and potentially harmful products (Figure 5.1b).37,38 Instead, a deep 

defluorination of PFCAs and PFSAs relies on the cleavage of C−C and C–S bonds in RFCF2−COO− 
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and RFCF2−SO3
−, respectively.37 The unstable intermediate, perfluorinated RFCF2−OH,39–41 

spontaneously loses two F atoms to yield chain-shortened RFCOO− (Figure 5.1c).37 Because all 

C−F bonds can be cleaved regardless of the BDE, this indirect defluorination pathway is desirable 

for PFAS destruction.38 Nevertheless, the slow kinetics still indicate high energy consumption. 

Therefore, there remains an imperative need for both fluorochemical industries and environmental 

practitioners to identify alternative structures, which should have similar application properties but 

much higher degradability than conventional PFCAs and PFSAs.  

In this contribution, we report on the unexpected rapid defluorination of a series of 

perfluorocarboxamides (PFCAms, CnF2n+1−CONH2). PFCAm structures have been used as a large 

class of surfactants,42–44 bioactive and electronic materials,45–48 or generated as a byproduct from 

historical sulfonamide production.49,50 In comparison to other PFAS compounds, PFCAms exhibit 

much higher reactivity by the photochemical degradation using eaq
–. The findings not only reveal a 

distinct degradation mechanism via intramolecular fluoroalkyl chain migration, but also indicates 

substantially enhanced energy efficiency for environmental remediation. We anticipate a 

transformative impact of this work on the future design and management of fluorochemicals for 

industrial sustainability and environmental protection.    

5.2 Materials and Methods 

Details of chemical and experiment procedures are described in Appendix D (App D). Briefly, 

aqueous solutions of individual PFCAms, previously dissolved in methanol, were prepared and 

amended with 10 mM Na2SO3, 5 mM NaHCO3
 and pH adjusted to 9.5 by 1 N NaOH. Immediately 

after dissolution the aqueous solutions were irradiated with an 18 W low-pressure mercury UV 

lamp at 20°C (with water bath cooling). Samples were taken at predetermined intervals and 

analyzed for PFCAm decay, generated transformation products, inorganic fluoride, and ammonia. 
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Theoretical calculations were performed to simulate reaction of PFCAms with hydrated electron 

and provide C−F bond dissociation energy with the details described in our previous work.37  

5.3 Results and Discussion 

In the UV/sulfite photochemical system, aqueous perfluoroocatamide (PFOAm, 

C7F15−CONH2) exhibited substantially faster and deeper defluorination than its carboxylate 

counterpart, perfluorooctanate (PFOA, C7F15−COO−). Within only 1 h, the rapid degradation 

cleaved 70% of the C−F bonds in PFOAm into F− (Figure 5.2a). The following degradation became 

slower, with the defluorination percentage of 81%, 85%, and 88% after 2 h, 4 h, and 8 h, 

respectively. In sharp contrast, under the same reaction conditions the defluorination of PFOA was 

merely 8% after 1 h and gradually reached 50% at 24 h. The highly rapid degradation behavior is 

unique to PFOAm, as the defluorination of perfluoroocatane sulfonamide (PFOSAm, 

C8F17−SO2NH2) and sulfonate (PFOS, C8F17−SO3
−) were both slightly slower than PFOA, without 

showing a significant difference between each other (Figure 5.2a). Control experiments using only 

254 nm irradiation did not degrade either PFOAm (Figure D.1a) or PFOA.37 The defluorination 

required the use of more than 0.5 mM Na2SO3 because the solution contained dissolved oxygen 

(Figure 5.2c). Higher concentrations of Na2SO3 led to faster and deeper defluorination. Comparison 

of defluorination between two solutions containing the same amount of sulfite and different 

PFOAm concentrations demonstrate the efficient use of sulfite in the degradation reaction (Figure 

D.2).  The highest defluorination efficiency for PFOAm was achieved under a mild basic condition 

at pH 9−10 (Figure 5.2d). For comparison, the defluorination of PFOA became faster and deeper 

when the pH was raised from 9.5 to 12.36  

PFCAms are not readily ionizable for the detection by electrospray ionization high-resolution 

mass spectrometry (ESI–HRMS) but are subject to alkaline hydrolysis (see Appendix D, App D). 

Therefore, all aqueous PFCAm degradation samples were treated with excess base (20 mM KOH) 
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for at least 3 d to allow for complete hydrolysis into PFCAs. During the degradation of PFOAm, 

an apparent “turning point” at 1 h, from rapid to slow, was observed for both the PFOA 

concentration profile and the defluorination profile (Figure 5.2e). The pseudo-first-order rate 

constant for the rapid PFOA decay in the first hour was 22.9 h–1, whereas the rate constant for the 

following decay between 1 h and 8 h was merely 0.21 h–1. For comparison, the degradation of pure 

PFOA under the same reaction condition showed a rate constant of 0.56 h–1.37 Therefore, the distinct 

kinetics within the first hour is attributed to the rapid degradation of PFOAm, and the slow kinetics 

after 1 h reflected the degradation of PFOA, most of which was generated during the first hour of 

reaction. 

Moreover, multiple short-chain PFCAs (n = 1−6 CnF2n+1−COO−) were detected within the first 

hour (Figure 5.2f), in molar ratios of 0.2−1.9% of the parent n = 7 PFOAm. This pattern of 

transformation product formation is vastly different from the degradation of n = 7 PFOA, where 

the only chain-shortened PFCA product was n = 6 PFHpA and shorter n ≤ 5 PFCAs were negligible 

throughout the reaction. Therefore, the detection of multiple shorter-chain PFCAms from PFOAm 

degradation within the first hour is attributed to the rapid formation of shorter-chain PFCAms. After 

1 h, all the shorter-chain PFCAs slowly degraded within 4−8 h. The rate constants for these PFCAs 

after 1 h were at the same order of magnitude as measured in our previous study on pure PFCAs.37 

Hence, a novel degradation mechanism leads to the rapid degradation of PFOAm and shorter-chain 

PFCAm products at the beginning. Most PFCAms were rapidly converted into PFCAs within 1 h 

so that the subsequent degradation followed the previously elucidated mechanisms for PFCAs.37  

It has been established that the degradation of PFOA involves an “unzipping” mechanism via 

decarboxylation and the formation of an unstable perfluoroalcohol intermediate (CnF2n+1−OH, 

Scheme 5.1b). For the rapid degradation of PFOAm, we first assumed that the dissociation and re-

association of an amino-containing moiety might be responsible for the enhanced defluorination. 
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However, addition of various small molecules containing the carboxamide moiety (e.g., 

HO−CONH2, H−CONH2, H3C−CONH2, and H2N−CONH2) did not enhance the defluorination of 

PFOA at all (Figure 5.2b). Moreover, a 1:1 mixture of PFOAm and PFOA produced a 

defluorination profile exactly the average of those for the two individual compounds. Therefore, 

the amino group must have been conserved within the molecule throughout the rapid and deep 

defluorination of PFOAm and the shorter-chain PFCAm intermediates.  

The migration of fluoroalkyl chains from the carbonyl to the nitrogen atom has been reported 

in early literature. Perfluoroalkyl isocyanates (CnF2n+1−N=C=O) can be prepared from acyl azide 

CnF2n+1−CO−N=N+=N− (Curtis rearrangement, in refluxed toluene at 110 ℃)51 or from hydroxamic 

acid CnF2n+1−CO−NH−OH (Lossen rearrangement, under pyrolysis at 375 ℃).52 We propose a 

similar reaction pathway for the conversion of  CnF2n+1−CONH2 into CnF2n+1−N=C=O, (Scheme 

5.1a) which further reacts with H2O to yield CnF2n+1−NH2 (Scheme 5.1e). At 20°C, the α-position 

−CF2− is not stable and undergoes defluorination, yielding the chain-shortened Cn−1F2n−1−CONH2 

(Scheme 5.1d).  

Under UV irradiation, aqueous SO3
2− is converted into sulfite radical (SO3

⦁–) and eaq
–: 

SO3
2–  

hν
→ SO3

⦁– + eaq
–      (5.1)  

In order to implicate the reactive species responsible for PFOAm degradation, several scavenging 

experiments were conducted targeting both SO3
⦁– and eaq

−. It is established that eaq
− is rigorously 

unreactive towards alcohols.53 Therefore, a series of experiments using alcohol as the oxidant 

scavenger were conducted with the results demonstrating a clear influence on defluorination early 

in the reaction (i.e., < 2 h). Furthermore, defluorination resumes normal performance (compared to 

control experiments) after 2 h for all alcohol scavenging experiments (Figure D.3). Despite the poor 

reactivity of SO3
⦁– with alcohol,54,55 these results combined implicate an oxidative mode of reaction. 

The trend for inhibition by each alcohol (i.e., isopropanol (most reactive) > n-propanol > ethanol > 
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methanol (lease reactive)) appears correlated to C−H bond strength. Due to the presence of oxygen, 

SO3
⦁– will react to form peroxymonosulfate radical (SO5

⦁–),56 which participates in the sulfur radical 

chain reaction to form sulfate radical (SO4
⦁–), a strong oxidant (E° = 2.6 V).56 Photochemical 

experiments using K2S2O8 as the photosensitizer, which will undergo homolytic cleavage under 

254 nm UV light to generate SO4
⦁–, resulted in no defluorination (Figure D.4). An additional 

experiment using the photochemically active KHSO5 to generate SO5
⦁– resulted in no defluorination 

(Figure D.4). This result implies SO3
⦁–

 is necessary for defluorination. Additional experiments 

using NaNO2 and NaNO3, known eaq
− scavengers,57 resulted in no observable defluorination (Figure 

D.3). However, NO2
− is known to reduce SO4

⦁– and therefore is able to scavenge oxidants in 

solution.54 Furthermore, nitrate radical (NO3
⦁–) has been shown through ab initio approaches to 

possess strong reducing abilities, demonstrated by the calculated reduction potential (E° =  –1.1 

V).58 Therefore, additional experiments are necessary to determine precisely the role of eaq
−.   

The rapid but incomplete defluorination (up to 90% after 48 h) of PFOAm prompted us to 

identify other degradation pathways that prevent a small fraction of C−F bonds from defluorination. 

The degradation of n = 3–5 CnF2n+1−CONH2 (PFBAm, PFPeAm, and PFHxAm) was even faster 

than n = 7 PFOAm. The decay of the parent PFCAms reached 81−90% within the first 5 min, 

followed by a much slower decay of the corresponding PFCAs to non-detectable in the next 4−8 h 

(Figure 5.3a). The rapid defluorination reached 65−80% within the first 30 min (Figure 5.3b). 

Similar to the profile of transformation products from PFOAm (Figure 5.2f), shorter-chain PFCAm 

intermediates were detected from n = 3–5 parent PFCAms (Figure D.5). Nevertheless, despite even 

faster kinetics than PFOAm, the defluorination of the three shorter-chain PFCAms were still 

incomplete (82−87% after 48 h). Interestingly, the n = 9 PFDAm defluorinated much slower than 

n = 7 PFOAm (n = 6 PFHpAm and n = 8 PFNAm were not commercially available for comparison). 

The defluorination of PFDAm after 1 h was only 2% but slowly increased to 81% after 48 h. The 
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relatively slow reaction of n = 7 and 9 PFCAms is probably due to the low mobility of long 

fluoroalkyl chains during the rearrangement or due to the high tendency of aggregation as micelles 

in the aqueous environment. In comparison, the defluorination of pure PFDA under the same 

reaction condition was only 55% after 48 h.37  

Similar to n = 3–5 PFCAms, 84% decay of n = 2 PFPrAm was achieved within 5 min 

(Figure 5.2c). Despite rapid defluorination within the first 30 min, the ~60% maximum achieved 

(Figure 5.2d) is distinctively low in comparison to the longer-chain PFCAms (81−90%). Thus, we 

assume that the degradation of n ≥ 3 PFCAms primarily follows the chain-shortening pathway via 

fluoroalkyl migration (Scheme 5.1f) until yielding n = 2 PFPrAm. From here, if PFPrAm decay 

only took the chain-shortening pathway to n = 1 TFAm, the defluorination would reach 100%. 

Results from TFAm degradation experiments display almost symmetric profiles of decay and 

defluorination (Figure D.9). Furthermore, the 62 ± 0.2% decay with 57 ± 1.4% defluorination 

within the first 15 minutes indicates rapid and complete defluorination of all three C−F bonds in 

TFAm. Following Scheme 5.1a, the final defluorination product would be carbamate, which further 

hydrolyzes into carbonate and ammonia. Despite TFAm being susceptible to hydrolysis into TFA, 

our previous study has shown that defluorination of TFA is 100% within 48 h via decarboxylation 

mechanim.37 Hence, the incomplete defluorination of PFPrAm is due to other degradation 

pathways. 

Two polyfluorinated products, CF3CFH−COO− and CF3CH2−COO−, were detected from 

the degradation of 25 µM PFPrAm (Figure D.10a). At 8 h the accumulated CF3CFH−COO− and 

CF3CH2−COO− accounted for 38 ± 1.6% of the total organic F in the original PFPrAm, 

complimentary to the overall defluorination of 61 ± 0.6% and closing the fluorine mass balance. 

Therefore, these two products represent the other significant reaction pathway. The transformation 

of C−F into C−H is reductive and involves two eaq
– (Figure 5.1b). However, the rate of generation 
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for these two products is distinctly faster than the carboxylic analog (Figure D.10b). Density 

Functional Theory (DFT) calculations for PFPrAm C−F bond dissociation energy reveal similar, 

or slightly lower, values compared to PFPrA (Figure D.12). Reaction of eaq
− with acetone to form 

isopropanol has been postulated to proceed through a radical intermediate where the extra electron 

is localized to the π* orbital of the carbonyl group.59 For PFCAs, the lowest unoccupied molecular 

orbital (LUMO) has been identified to be delocalized across the π*C=O and σ*C−F.60 Therefore, 

reaction of PFCAs with eaq
– would result in populating the LUMO π* orbital to generate a singly 

occupied molecular orbital (SOMO). The intramolecular dissociation of carbon−halogen bonds has 

been identified to occur via transfer of an electron from the SOMO π* orbital to the carbon−halogen 

σ* orbital.61 In order to simulate the reaction between the fluorochemical and the eaq
–, we added an 

extra electron onto the neutral PFPrAm and the anionic PFPrA. Spontaneous sequential cleavage 

of the two α-position C−F bonds in both structures were observed (Figure D.15) and thus support 

the reductive defluorination mechanism. Therefore, the carboxamide structure significantly 

accelerates the H/F exchange reaction. In literature, the second-order rate constants for the reaction 

between eaq
– and carboxamides are generally 1−2 orders of magnitude higher than that between eaq

– 

and the corresponding anionic carboxylate, further supporting this observation.57 

To further probe the competition between reductive H/F exchange and oxidative chain-

shortening defluorination, additional experiments were conducted with polyfluorinated structures 

of the form R−CF2−FG, where R = −CH3, −H and FG = −CONH2 or −COO−.  Starting with pure 

CH3CF2−CONH2 resulted in 100% defluorination within 1 h (Figure 5.4a). The rapid sequential 

formation of CH3CFH−COO− and CH3CH2−COO− during CH3CF2−CONH2 decay suggest 

substantially enhanced H/F exchange of the polyfluorinated carboxamide (Figure 5.4b) and is 

supported by calculated BDE (Figure D.13) and simulation (Figure D.16). Notably, defluorination 

of pure CH3CF2−COO− and CH3CFH−COO− over 24 h were only 29% and 23%, respectively 
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(Figure 5.4a). Therefore, the complete defluorination of the mono-fluorinated alkyl chain must 

come from the CH3CFH−CONH2 intermediate before the hydrolysis into CH3CFH−COO−. In 

addition, CH3−COO− also showed up within 5 min, indicating the parallel chain-shortening 

mechanism (Figure 5.4e). Another experiment using HCF2−CONH2 (DFAm) achieved 88% and 

98% defluorination at 10 min and 2 h, respectively (Figure 5.4c). About half of the parent 

compound was converted into CH3−COO− within 10 min, indicating substantially enhanced H/F 

exchange of the amide (Figure 5.4d); again, supported by calculation (Figure D.14) and simulation 

(Figure D.17). The other half of the parent DFAm was most probably degraded by the chain-

shortening mechanism to generate formamide. Due to challenges separating formate (generated by 

hydrolysis of formamide) from the UV/sulfite solution matrix, quantification of this compound is 

difficult. For comparison, the degradation of HCF2−COO− reached 72% after 24 h (Figure 5.4c). 

These results point to the unique advantage of the terminal carboxamide moiety for the rapid 

photochemical defluorination.   

The incomplete defluorination of PFCAms is also attributed to the rapid hydrolysis of 

carboxamide into carboxylate. At any specific pH between 8 and 12, the hydrolysis of CF3−CONH2 

is 4−5 orders of magnitude faster than CH3−CONH2 (e.g., 10−0.35 min−1 vs. 10−5.00 min−1 at pH 11).62 

We used the salicylate method (see AppD Ammonia Analysis) to quantify the NH3 released from 

freshly added n = 1−7 PFCAms, and observed significantly faster hydrolysis of shorter-chain 

PFCAms (Figure D.7). The storage of all PFCAms at pH 12.3 (20 mM KOH) for two days led to 

complete hydrolysis into corresponding PFCAs (Figure D.8). This also explained why a high pH 

is not favorable for PFCAm degradation (Figure 5.2d). The n = 1 TFAm and n = 2 PFPrAm are 

highly susceptible, even at pH 9.5. To minimize the hydrolysis before photochemical degradation, 

we prepared stock solutions of all PFCAms with methanol immediately before use. Notably, 

although the majority of n = 7 PFOAm could be preserved at pH 9.5 for two days, the hydrolysis 
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was complete within 1 h during the UV/sulfite reaction (Figure 5.2e). However, the 254 nm 

irradiation at pH 9.5, without adding sulfite, did not accelerate PFCAm hydrolysis (Figure D.1b). 

The higher susceptibility to alkaline hydrolysis of the shorter-chain PFCAms is consistent with the 

narrower time window where rapid defluorination could be observed: <15 min for TFAm and 

PFPrAm versus >1 h for PFOAm.  

Based on the above results, we propose the overall PFCAm degradation pathways as shown 

in Scheme 5.2f. For n ≥ 3 PFCAms, as the sum of all PFCAs (generated from the hydrolysis of 

PFCAm intermediates) and released F− accounts for 80−95% of the total F balance (Figures 5.2e,f 

and 5.3c,d), the chain-shortening via fluoroalkyl chain migration is the dominant degradation 

pathway. Shorter-chain PFCAms also have faster hydrolysis into PFCAs, which are much more 

recalcitrant than PFCAms under the same reaction condition. Because the carboxamide moiety 

significantly enhances reductive defluorination from the α-position –CF2–, minor probabilities of 

H/F exchange also exist. The greatest likelihood of H/F exchange is observed on n = 2 PFPrAm. 

The residual C−F bonds are found in short-chain polyfluorinated carboxylates, such as 

CF3CH2−COO−.  

Implications to fluorochemical design and environmental protection. Our extended 

examination on an carboxamide-based ammonium salt surfactant (CnF2n+1−CONH−(CH2)3−NMe3
+, 

PFOAAmS) observed significantly faster degradation kinetics than PFOAm (CnF2n+1−CONH2) 

despite both structures generating similar maximum defluorination (Figure 5.5). This is attributed 

to the increased solubility due to the positive charge located on the ammonium group. Therefore, 

the use of carboxamide linkers in surfactant design can substantially increase the degradability of 

the fluoroalkyl moiety. We also note that the introduction of alkyl substitutions on the amide 

nitrogen can decrease the rate of hydrolysis for two or more orders of magnitude.38 Alkaline 

pretreatment of this surfactant at various pH confirmed its higher resistance against hydrolysis than 



 

 

127 

PFOAm (Figure D.8d). Therefore, the design of perfluorocarboxamide-based surfactants for 

storage or application in non-aqueous or neutral aqueous environments will bring substantial 

benefits in saving energy and chemical during the following degradation (e.g., treatment of in-plant 

wastewater or remediation of contaminated sites).  

Additional defluorination reactions with perfluorodicarboxamide (PFdiCAm) structures 

(H2N−(CF2)n−NH2) from n = 1−4 demonstrated enhanced kinetics (Figure D.6) and overall 

defluorination (Table 5.1) compared to their PFCAm analog. These results further highlight the 

enhanced reactivity of the carboxamide functional group. Furthermore, the replacement of the 

terminal −CF3 group with the carboxamide functional group not only removes strong primary C−F 

bonds, but appears to mitigate the generation of recalcitrant −CF3 products.    
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5.4 Tables and Figures 

 Table 5.1 Defluorination of PFCAms and PFCAs in the UV/sulfite system 

 

 

 
  

    

 1 h defluorination  Maximum Defluorination 

       CnF2n+1 

n   Abbreviation 

 

RF–CONH2  

NH2CO– 

RF–CONH2 

 

RF–COO– 

–OOC– 

RF–COO– 

 aRF–CONH2 

(1 h, pH 9.5) 

RF–COO– 

(24 h, pH 9.5) 

RF–COO– 

(8 h, pH 12) 
         

1 TFA(m) 69 ± 3.3 99 ± 1.6 8.2 ± 1.9 11 ± 0.6  76 94 100 

2 PFPrA(m) 54 ± 1.4 94 ± 6.5 9.1 ± 3.0 3.9 ± 0.5  86 54 73 

3 PFBA(m) 81 ± 2.8 96 ± 1.4 7.1 ± 4.8 9.4 ± 1.3  93 48 92 
4 PFPeA(m) 75 ± 2.2 88 ± 7.6 9.6 ± 0.4 9.7 ± 1.5  91 51 79 

5 PFHxA(m) 71 ± 3.2 N/A 8.9 ± 2.6 N/A  86 49 89 

6 PFHpA(m) N/A N/A 8.7 ± 1.7 9.0 ± 1.4  N/A 49 83 

7 PFOA(m) 70 ± 5.1 N/A 8.5 ± 1.6 11 ± 1.8  78 52 93 

8 PFNA(m) N/A N/A 8.4 ± 1.1 8.4 ± 1.7  N/A N/A N/A 
9 PFDA(m) 2.1 ± 0.1 N/A 4.0 ± 3.7 N/A  N/A N/A N/A 
aCalculated as percent of overall defluorination at 1 h 
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(b)

(c)

(a) H/F exchange

Chain-shortening

PFCA PFSA

Fluorotelomer

PFCAm PFSAm

Figure 5.1(a) Commonly detected PFAS in the environment; (b) direct and (c) indirect C–F bond 

cleavage reactions in the UV/sulfite system. 
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Figure 5.2 (a) Defluorination profiles of n=7 perfluorinated amide (PFOAm) and carboxylate 

(PFOA), n=8 perfluorinated sulfonamide (PFOSAm) and sulfonate (PFOS). (b) Defluorination 

profiles of n=7 carboxylate with addition of small molecules containing carboxamide moiety. (c) 

Defluorination profiles of n=7 PFOAm under various SO3
2– concentration. (d) Defluorination 

profiles of n=7 PFOAm under various solution pH. (e) Decay and defluorination profiles of n=7 

PFOAm and PFOA. (f) Transformation products from reaction of n=7 PFOAm within the 

UV/sulfite system. Reaction conditions: PFAS (0.025 mM), Na2SO3 (10 mM, unless specified 

otherwise), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL 

solution) at pH 9.5 (unless specified otherwise) and 20 °C. 
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Figure 5.3 (a) Decay profiles for n=3‒5 PFCAms. (b) Defluorination profiles for n=3‒5 PFCAms.  

(c) Decay profiles for n=1‒2 PFCAms. (d) Defluorination profiles for n=1‒2 PFCAms. Reaction 

conditions: PFCAm (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation 

(18 W low-pressure Hg lamp for 600 mL solution) at pH 9.5 and 20 °C. 
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Figure 5.4 (a) Defluorination profiles for polyfluorinated C3 PFCAms and PFCAs. (b) Decay and 

transformation products for 2,2-difluoropropranamide [CH3−CF2−CONH2]. (c) Defluorination 

profiles for difluoroacetamide (DFAm) and difluoroacetate (DFA). (d) Decay and transformation 

products for DFAm [H−CF2−CONH2]. (e) Reductive and oxidative defluorination reaction 

schemes. Reaction conditions: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 

nm irradiation (18 W low-pressure Hg lamp for 600 mL solution) at pH 9.5 and 20 °C. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

A photochemical system applying UV (i.e., 254 nm) light and a photosensitizer was used 

to establish structure-reactivity relationships for several legacy and emerging PFAS within the 

UV/sulfite system, known to generate the strong reductant, hydrated electron (eaq
‒). Experimental 

observations from PFAS decay kinetics, transformation production analysis, fluorine recovery, and 

reactions of model PFAS structures, with the aid of theoretical results from quantum chemical 

calculations and simulations, have provided strong evidence for critical reaction mechanisms of 

PFAS within the UV/sulfite system. PFAS reactivity is significantly enhanced by functional head 

group (e.g., carboxylate > sulfonate) and fluoroalkyl carbon chain length (e.g., n ≥ 4). Although 

both chain-shortening and H/F exchange reactions occur within the UV/sulfite system for several 

PFAS structures, carboxylates are more labile to chain-shortening, while PFAS with fluorocarbon 

chains not directly bonded to a carboxylate (e.g., fluorotelomer carboxylic acids, FTCAs) favor 

H/F exchange. Competition between chain-shortening and H/F exchange reactions determine the 

extent of defluorination. Defluorination ceases when all labile C‒F bonds have been cleaved, 

resulting in a mixture of polyfluorinated organic compounds unreactive in the UV/sulfite system. 

Incorporation of the ether group within the carbon backbone chain results in overall slower 

reaction kinetics. The integration of the ether linkage generates small fluoroalkyl segments 

segregated by oxygen atoms, which influence the overall defluorination mechanism. This is 

primarily due to the increased stability of C‒F bonds adjacent to ether linkages, consequently 

reducing the probability for H/F exchange along the fluorocarbon backbone. For linear fluoroalkyl 

segments, high defluorination can be achieved. Conversely, branched fluoroalkyl segments inhibit 

the overall defluorination. This is due to the increased probability towards H/F exchange for labile 

tertiary C‒F bonds and trifluoromethyl groups, generating recalcitrant polyfluorinated species. 

Furthermore, the presence of the ether linkage introduces a new reaction pathway involving the 
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cleavage of the C‒O bond within the fluoroalkyl ether chain. This design allows the UV/sulfite 

system to overcome adverse H/F exchange products that inhibit defluorination of legacy PFAS.  

System parameters were found to be significantly influential in mediating defluorination 

mechanisms. Elevated pH provides a more effective system as demonstrated by the increased 

overall defluorination, while achieving greater efficiency as evidenced by shorter treatment times. 

This is attributed to the (i) increased lifetime of the eaq
‒ and (ii) thermodynamic influence on 

kinetically controlled reaction mechanisms. Enhanced reactivity with PFAS was observed, where 

a noticeable shift in transformation product distribution provides evidence of competing reactions. 

For example, early in the reaction, chain-shortened transformation products increased upon 

increase of solution pH, indicating a preference for oxidative chain-shortening mechanism. 

Meanwhile, transformation products exhibiting extensive C‒F bond substitution for C‒H bonds 

late in the reaction further supports the increased lifetime of the eaq
‒, thus improving the 

effectiveness of the photochemical system at elevated pH towards C‒F bond cleavage.  

Treatment of a series of perfluorocarboxamides (PFCAms) within the UV/sulfite system 

has revealed a novel defluorination mechanism exhibiting substantially higher rates of reaction, 

deeper defluorination, while minimizing undesired side reactions (e.g., H/F exchange). Notably, 

this new reaction mechanism enables defluorination at substantially lower (i) solution pH (9.5 vs 

12 for PFCAs), (ii) sulfite concentration (5 mM vs 10 mM for PFCAs), and (iii) treatment time (2 

h vs 8 h for PFCAs) to achieve maximum defluorination. Furthermore, undesired H/F exchange 

reactions are minimized resulting in decreased formation of recalcitrant transformation products, 

thus preventing the arrest of defluorination. These results are contributed to the enhanced reactivity 

of the carboxamide group towards reduction by eaq
‒ and oxidation by sulfite radicals (SOx

⦁‒). 

Although carboxamides are susceptible to hydrolysis, the slightly basic (pH 9.5) reaction condition 

does not influence long-chain PFCAms. However, short chain (i.e., n ≤ 2) PFCAms will hydrolyze 
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to the acid relatively quickly. Overall, this novel reaction mechanism enables substantial 

defluorination (80‒90%) with the remaining C‒F bonds trapped in small polyfluorinated 

compounds (i.e., CF3‒CH2‒COO). Although this product is recalcitrant in the UV/sulfite system, 

it is easily transformed into CO2 and F‒ by oxidation, enabling 100% recovery of F‒. Lastly, 

strategic design of PFCAms can enable faster decay and achieve complete (>99%) F‒ recovery 

while mitigating unfavorable hydrolysis towards recalcitrant PFCAs.   

Outcomes of this work highlight critical aspects towards identifying promising 

technologies in the search for global PFAS remediation, providing a general outline regarding how 

to approach this complex issue. In addition, reaction mechanisms have provided key insights on 

structure leading to predictive treatment outcomes. First, extensive structure-reactivity 

relationships clearly demonstrate the need for engineered solutions to consider entire classes of 

PFAS structures (e.g., carboxylates, sulfonates, etc.) and not to target specific compounds (e.g., 

PFOA, PFOS, HFPO-DA). This is due to the broad, and sometimes unpredictable, physical and 

chemical properties exhibited across each class of PFAS. Therefore, treatment efforts that address 

specific PFAS structures, and not classes, will undoubtedly result in generating misleading 

conclusions and potentially misguiding the scientific community at large. Furthermore, undesired 

reaction products will likely possess altered physical (e.g., adsorption) and chemical (i.e., 

reactivity) properties than targeted compounds. Therefore, to evaluate future PFAS remediation 

technologies, it is necessary to not only address target pollutants, but secondary transformation 

products, in order to achieve complete treatment and mitigate adverse effects.  

Furthermore, key structural components have been identified that directly influence 

performance of treatment strategies. Indeed, these features provide insights on identifying 

promising approaches to initiate bond cleavage events. Due to the strength and stability of the C‒

F bond, it appears highly advantageous (i.e., achieve faster and deeper defluorination) to target 
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transforming the stability of PFAS compounds rather than targeting direct C‒F bond cleavage. 

Information based on observed reaction mechanisms can inform future PFAS design in order to 

enable highly efficient, and complete, treatment of compounds. This strategy will mitigate the need 

for extended treatment times, reduce generation of harmful reaction products, and minimize overall 

remediation costs.  

As extensive work has been dedicated to (i) determining structure-reactivity relationships 

across several classes of PFAS and (ii) optimizing the thermodynamic conditions within the 

UV/sulfite system, strategies to continue improving this system to achieve a realized solution must 

be identified. For example, are there other known photosensitizers that can mediate both oxidative 

and reductive reaction pathways? And if so, what – if any – kinetic preference do they exhibit for 

oxidative (chain-shortening) over reductive (H/F exchange) reactivity? Furthermore, is it possible 

to design photosensitizers that preferentially facilitate chain-shortening over H/F exchange 

reactions? Also, to what extent can the energy source (i.e., UV lamp) influence the kinetics of the 

UV/photosensitizer system? Can emerging UV light-emitting diodes (UV LED), which do not 

contain harmful mercury or produce carcinogenic ozone, while consuming significantly less 

energy, be used as a replacement, further driving down expense costs? Lastly, is it possible to 

design a system that can separate oxidative and reductive processes to enable a single-pass 

continuous flow treatment scheme?  

This thesis research provides a general approach for developing a facile aqueous chemical 

treatment method (i.e., UV light with inexpensive photosensitizers) in order to elucidate reactivity 

across a broad class of chemically recalcitrant compounds, highlighting the simplicity in optimizing 

performance and ability to control reaction pathways, and identifies a novel defluorination reaction 

pathway enabling the rapid and complete destruction of PFAS compounds.  
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APPENDIX A: APPENDICES FOR CHAPTER 2 

Detailed Information on Materials and Methods 

Chemicals and the Preparation of PFAS Stock Solutions. All PFAS chemicals were 

purchased from Acros Organics, Alfa-Aesar, MP Biomedicals, Oakwood Chemicals, Sigma-

Aldrich, and SynQuest Laboratories. Table A.1 (next page) summarizes the name, purity, and CAS 

number of all PFASs included in this study. All other chemicals and solvents were purchased from 

Fisher Chemical. Individual PFASs were dissolved in either deionized (DI, produced by Milli-Q 

system) water as 10 mM stock solutions. For carboxylic acids, the addition of 20 mM NaOH (for 

PFCAs) or 40 mM NaOH (for PFdiCAs) effectively facilitated the dissolution of long chain 

structures in water and prevented the volatilization of short chain structures. For long chain FTCAs 

(more than 8 carbons in the molecule), methanol was used as the solvent. Methanol does not 

interfere with the PFAS defluorination with hydrated electrons. For example, preliminary 

experiments with 25 μM PFOA introduced with the water stock solution (1.5 mL into 600 mL final 

volume) and with the methanol stock solution (0.3 mL into 600 mL final volume, resulting in ~12 

mM methanol in water) gave the same rate and extent of defluorination. All PFAS stock solutions 

were stored at 4°C. 
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Table A.1 Information of PFASs Used in This Study. 

Entry Chemical Name Fluoroalkyl Length (n) Purity CAS# 

F(CF2)n−COOH (or salt) 

1 Sodium trifluoroacetate 1 98% 2923-18-4 

2 Perfluoropropionic acid 2 97% 422-64-0 

3 Perfluorobutyric acid 3 98% 375-22-4 

4 Perfluoropentanoic acid 4 97% 2706-90-3 

5 Perfluorohexanoic acid 5 97% 307-24-4 

6 Perfluoroheptanoic acid 6 98% 375-85-9 

7 Perfluorooctanoic acid 7 96% 335-67-1 

8 Perfluorononanoic acid 8 97% 375-95-1 

9 Perfluorodecanoic acid 9 97% 335-76-2 

10 Perfluoroundecanoic acid 10 96% 2058-94-8 

     

HOOC−(CF2)n−COOH 

11 Difluoromalonic acid 1 98% 1514-85-8 

12 Tetrafluorosuccinic acid 2 98% 377-38-8 

13 Hexafluoroglutaric acid  3 98% 376-73-8 

14 Octafluoroadipic acid 4 97% 336-08-3 

15 Dodecafluorosuberic acid  6 98% 678-45-5 

16 Tetradecafluoroazelaic acid 7 90% 23453-64-7 

17 Hexdecafluorosebacic acid 8 95% 307-78-8 

18 Perfluoro-1,10-decanedicarboxylic acid 10 96% 865-85-0 

     

F(CF2)n−CH2CH2−COOH 

19 4,4,4-Trifluorobutyric acid 1 99% 406-93-9 

20 2H,2H,3H,3H-Perfluoropentanoic acid 2 N/A 3637-31-8 

21 2H,2H,3H,3H-Perfluorohexanoic acid 3 97% 356-02-5 

22 2H,2H,3H,3H-Perfluoroheptanoic acid 4 97% 80705-13-1 

23 2H,2H,3H,3H-Perfluorooctanoic acid 5 N/A 914637-49-3 

24 2H,2H,3H,3H-Perfluorononanoic acid 6 97% 27854-30-4 

25 2H,2H,3H,3H-Perfluorodecanoic acid 7 97% 812-70-4 

26 2H,2H,3H,3H-Perfluoroundecanoic acid 8 97% 34598-33-9 

     

F(CF2)n−SO3H (or salt) 

27 Sodium trifluoromethanesulfonate 1 98% 2926-30-9 

28 Potassium nonafluorobutanesulfonate 4 98% 29420-49-3 

29 Potassium perfluorohexane-1-sulfonate 6 95% 3871-99-6 

30 Perfluorooctanesulfonic acid 8 97% 1763-23-1 

     

Special structures 

31 2,2-difluorosuccinic acid  HOOC−CF2CH2−COOH 97% 665-31-6 

32 3,3,3-Trifluoropropionic acid  CF3−CH2−COOH 97% 2516-99-6 

33 Difluoroacetic acid  CF2H−COOH  98% 381-73-7 

34 Sodium fluoroacetate  CFH2−COONa  98% 62-74-8 
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Defluorination Reaction Settings. A 600-mL solution containing 25 µM PFAS, 10 mM 

Na2SO3, and 5 mM NaHCO3 (pH 9.5, adjusted by 0.5 mL of 1 M NaOH) was prepared with DI 

water. Powders of Na2SO3 (756 mg) and NaHCO3 (252 mg) were used to prepare each fresh 

solution without on-shelf storage in solution. The closed-system cylindrical photochemical reactor 

consisted of a borosilicate glass shell and a quartz immersion well, both of which are double-layered 

for cooling with circulated water (20°C) in the jacket. The space between the glass shell and 

immersion well (~2 cm thickness ring column) was loaded with the 600-mL reaction solution. A 

magnetic stir bar was placed at the bottom of the reactor, and the stirring speed was set at 360 rpm. 

An 18 W low-pressure mercury lamp (GPH212T5L/4P/HO, “High Output”) in the immersion well 

delivered 254 nm UV irradiation to the surrounding solution. A previous report1 has described the 

photochemical parameters of a system with the same key dimension of both the photoreactor and 

the UV lamp (except that the power of GPH212T5L/4P lamp in that report was 10 W). The reactor 

assembly was wrapped in heavy-duty aluminum foil to prevent UV irradiation leaking. After the 

UV lamp was turned on, aliquots of solution (5 mL each) were taken at time intervals through a 

16-gauge stainless steel needle that penetrated the rubber-sealed sampling port. The samples were 

stored in 7-mL glass scintillation vials at 4°C prior to analysis. 

Two reasons for choosing sulfite as the eaq
– source are (1) the resulting sulfate is a 

ubiquitous natural water mineral, and (2) sulfite can be economically obtained from coal 

combustion flue gas scrubbing.2 The reason for choosing carbonate as the buffer/additive is that 

carbonate is ubiquitous in all natural waters, especially in groundwater. Reaction conditions tested 

in this study and reported in the literature on PFOA/PFOS defluorination are summarized in Table 

A.2 (next page). During the preliminary tests, the N2 sparging step prior to the photochemical 

reaction did not show significant enhancement to the defluorination from PFOA (e.g., entry 1 vs. 

2, and entry 3 vs. 4 although other parameters were slightly different) probably because the added 
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10 mM Na2SO3 far exceeded the dissolved oxygen (the saturated DO level at 20°C is 9.0 mg L–1 or 

0.28 mM). Thus, most reactions in this study did not have the N2 sparging step for DO removal. 

During the preliminary tests, the NaHCO3 buffer and NH4Cl buffer at pH 9.2−9.5 showed no 

significant influence on the defluorination of PFOA (e.g., entry 3 vs. 7). When 10 mM Na2SO3 

was used, the maximum defluorination ratio of PFOA and PFOS were also similar to (or even 

slightly higher than) the previous reports that used a high-pressure UV lamp (250 W, high photon 

flux with a wide irradiation spectrum of 200–600 nm),3, 4 Na2SO3 or potassium iodide (KI) as the 

electron source chemical,5, 6 or nitrilotriacetic acid (NTA) as the hydroxyl radical scavenger.7 Thus, 

the experimental setting of this study can be representative for the reported systems using variable 

hydrated electron source chemicals and UV lamps. 
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Table A.2 Summary of Experimental Conditions for PFOA/PFOS Defluorination  

aNaOH and NH4OH were used to raise the pH of solutions added with NaHCO3 and NH4Cl, respectively. 
bThe 400−600 nm portion was blocked so the effective irradiation power to the solution was reduced.  
cResults are questionable because 99% and 85% defluorination of 0.025 mM PFOA (C7F15COOH) would require 

cleaving 0.37 mM and 0.32 mM C−F bonds, respectively. However, the KI concentration was only 0.30 mM. The 

maximum C−F cleavage, assuming 100% reaction efficiency of eaq
− excited from KI, could be only 0.15 mM based 

on the theoretical 2:1 stoichiometry,8 where both C and F need one electron after the bond cleavage.   

  

Entry Reaction Condition Buffer 

Chemicala 

pH N2 

Sparge  

Reaction 

Time 

DeF 

Ratio 

Reference 

 

PFOA defluorination reactions 

 

1 25 μM PFOA; 254 nm (18W); 

10 mM Na2SO3; 20°C 

NaHCO3 

(5mM) 

9.5 1 h 12 h 49% This study 

2 25 μM PFOA; 254 nm (18W); 

10 mM Na2SO3; 20°C 

NaHCO3 

(5mM) 

9.5 No 

sparge 

12 h 48% This study 

3 25 μM PFOA; 254 nm (18W); 

10 mM Na2SO3; 20°C 

NaHCO3 

(5mM)  

9.5 No 

sparge 

48 h 57% This study 

4 20 μM PFOA; 254 nm (10W); 

10 mM Na2SO3; 25°C 

NH4OH 

 

9.3 30 min 24 h 63% 6 

5 39 μM PFOA; 200− 400 nm 

(<250 W);b 10 mM Na2SO3; 

25°C 

Not added 9.2 No 

sparge 

10 min 46% 4 

6 25 μM PFOA; 254 nm  

(18 W); 0.3 mM KI;  

20°C 

NH4Cl 

(5 mM) 

9.3 1 h 8 h 34% This study 

7 25 μM PFOA; 254 nm  

(18 W); 1.0 mM KI;  

20°C 

NH4Cl 

(5 mM)  

9.3 1 h 22 h 58% This study 

8 25 μM PFOA; 254 nm  

(15 W); 0.3 mM KI;  

room temperature 

NH4Cl 

 

9.0 30 min 14 h 99%c 5 

9 25 μM PFOA; 254 nm  

(15 W); 0.3 mM KI;  

room temperature 

NH4Cl 

 

9.0 30 min 8 h 85%c 5 

PFOS defluorination reactions 

 

10 25 μM PFOS; 254 nm (18W); 

10 mM Na2SO3; 20°C 

NaHCO3 

(5mM) 

9.5 No 

sparge 

48 h 56% This study 

11 25 μM PFOS; 254 nm (18W); 

10 mM Na2SO3; 20°C 

NaHCO3 

(5mM) 

9.5 No 

sparge 

12 h 38% This study 

12 32 μM PFOS; 200− 400 nm 

(<250 W);b 10 mM Na2SO3; 

25°C 

Not added 9.2 No 

sparge 

30 min 56% 3 

13 10 μM PFOS; 254 nm (14W); 

2 mM NTA;  

30°C 

NH4Cl 

 

10.0 20 min 10 h 47% 7 

14 10 μM PFOS; 254 nm (14W); 

2 mM Na2SO3;  

30°C 

NH4Cl 

 

10.0 20 min 10 h 30% 7 
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Measurement of PFAS Parent Compound Decay. Concentrations of ionic PFAS parent 

compounds were analyzed by a high-performance liquid chromatography–triple quadrupole mass 

spectrometry system (HPLC−MS/MS, Agilent 1200 HPLC, and Sciex 5500 QTRAP MS) in the 

Metabolomics Lab of Roy J. Carver Biotechnology Center at UIUC. The Analyst 1.6.2 software 

was used for data acquisition and analysis. For HPLC separation, a 10-μL sample was loaded onto 

a Zorbax SB-Aq column (particle size 5μm, 4.6×50 mm, Agilent) eluted with 350 μL min−1 of 10 

mM ammonia formate (A) and methanol (B). The linear gradient was as follows: 100% A for 0−1 

min, 2% A for 2−15 min, and 100% A for 16−21 min. The mass spectra were acquired under 

negative ionization (ESI) mode. The ion spray voltage was set to −4500 V, and the source 

temperature was set to 450 °C. The curtain gas, ion source gas 1, and ion source gas 2 flow were 

set to 30, 50, and 60 psi, respectively. Multiple reaction monitoring (MRM) was used for 

quantification, and the MRM transition was listed in Table A.3. The limit of quantification (LOQ) 

for each compound was determined as the lowest concentration with a detection variation < 20%, 

which was listed in Table A.3. An ion chromatography system (see below) was used for the 

quantification of short-chain PFASs (CF3CO2
−, CF2HCO2

−, CFH2CO2
−, and CF3SO3

−). 

PFAS Transformation Product analysis. PFAS transformation products were measured 

by liquid chromatography coupled with a high-resolution quadrupole orbitrap mass spectrometer 

(LC-HRMS/MS) (Q Exactive, Thermo Fisher Scientific). The LC analysis was the same as above 

described. The transformation products were detected in full scan negative ionization mode on 

HRMS at a resolution of 70,000 at m/z 200 and a scan range of m/z 50−750. The software Xcalibur 

(Thermo Fisher Scientific) was used for data acquisition and analysis.  

Suspect screening was carried out to identify transformation products as previously 

described, but with slightly modification.9, 10 Briefly, suspect screening was done by TraceFinder 

4.1 EFS (Thermo Fisher Scientific). The transformation product suspect lists were generated by a 
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self-written automatic product mass prediction script, which includes all possible products from 

the mechanisms of both chain shortening and H/F exchange. Plausible transformation products 

were identified based on the following criteria: (i) mass tolerance < 5 ppm; (ii) isotopic pattern 

score > 70%; (iii) peak area > 105; (iv) peak area showing increasing or first increase then followed 

by a decrease trend over time. The limit of quantification (LOQ) of known compounds are 100 nM 

for PFCAs and PFSAs, and 10 nM for FTCAs. 

Quality Assurance and Quality Control (QA/QC). To take into account the matrix effect 

on the LC-MS/MS quantification of various PFASs investigated in this study, a PFAS-free solution 

from the photoreactor (i.e., all inorganic chemicals added and treated under the same UV 

irradiation) was used to prepare the calibration standards. The matrix-match standard series 

included nine points from 1 nM to 5 µM. MilliQ water and matrix blank controls were included, 

where no PFASs were detected on LC-MS/MS. MilliQ water blanks were also ran between each 

group of batch experiment samples and checked for PFASs detection in the blanks, to avoid PFAS 

carry over. The storage time for all samples was less than three weeks at 4°C.  
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Table A.3 MRM Transition and LOQ. 

 

  

Entry Chemical Name  Chain 

Length (n) 

MRM Transition 

(m/z) 

LOQ 

(nM) 

F(CF2)n−COOH (or salt) 

1 Sodium trifluoroacetate 1 113.0/69.0 200 

2 Perfluoropropionic acid 2 163.0/119.0 200 

3 Perfluorobutyric acid 3 213.0/169.0 100 

4 Perfluoropentanoic acid 4 263.0/219.0 25 

5 Perfluorohexanoic acid 5 313.0/269.0 2 

6 Perfluoroheptanoic acid 6 363.0/319.0 1 

7 Perfluorooctanoic acid 7 413.0/369.0 2 

8 Perfluorononanoic acid 8 463.0/419.0 1 

9 Perfluorodecanoic acid 9 513.0/469.0 2 

10 Perfluoroundecanoic acid 10 563.0/519.0 10 

     

HOOC−(CF2)n−COOH 

11 Difluoromalonic acid 1 139.0/95.0 200 

12 Tetrafluorosuccinic acid 2 189.0/101.0 50 

13 Hexafluoroglutaric acid  3 239.0/131.0 5 

14 Octafluoroadipic acid 4 289.0/181.0 1 

15 Dodecafluorosuberic acid  6 389.0/281.0 20 

16 Tetradecafluoroazelaic acid 7 439.0/331.0 50 

17 Hexdecafluorosebacic acid 8 489.0/381.0 50 

18 Perfluoro-1,10-decanedicarboxylic acid 10 589.0/481.0 1 

     

F(CF2)n−CH2CH2−COOH 

19 4,4,4-Trifluorobutyric acid 1 141.0/121.0 50 

20 2H,2H,3H,3H-Perfluoropentanoic acid 2 191.0/127.0 50 

21 2H,2H,3H,3H-Perfluorohexanoic acid 3 241.0/177.0 50 

22 2H,2H,3H,3H-Perfluoroheptanoic acid 4 291.0/167.0 20 

23 2H,2H,3H,3H-Perfluorooctanoic acid 5 341.0 /237.0 5 

24 2H,2H,3H,3H-Perfluorononanoic acid 6 391.0/287.0 5 

25 2H,2H,3H,3H-Perfluorodecanoic acid 7 441.0/337.0 2 

26 2H,2H,3H,3H-Perfluoroundecanoic acid 8 491.0/387.0 2 

     

F(CF2)n−SO3H (or salt) 

27 Sodium trifluoromethanesulfonate 1 149.0/80.0 1 

28 Potassium nonafluorobutanesulfonate 4 299.0/80.0 5 

29 Potassium perfluorohexane-1-sulfonate 6 399.0/80.0 1 

30 Perfluorooctanesulfonic acid 8 499.0/80.0 2 

     

Special structures 

31 2,2-difluorosuccinic acid  HOOC−CF2CH2−COOH 153.0/89.0 50 
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Measurement of Fluoride Ion Release. The concentration of fluoride ion (F–) released 

from PFASs was primarily determined by an ion selective electrode (ISE, Fisherbrand accumet 

solidstate) connected to a Thermo Scientific Orion Versa Star Pro meter. A 2-mL aliquot of reaction 

sample was added in the equal volume of the total ionic strength adjustment buffer (TISAB for 

fluoride electrode, Thermo Scientific), and the F− concentration was determined with the ISE. The 

accuracy of F– measurement by the ISE in the solution matrix was validated by the measurement 

of representative reaction samples using ion chromatography (Figure A.1). A Dionex ICS-5000 ion 

chromatography system equipped with a conductivity detector and a Dionex IonPac AS11-HC 

column (4×250 mm) with an AG11-HC guard column (4×50 mm) was used for the ISE validation 

and the quantification of C2 short-chain PFASs. The samples were diluted for 10 fold with DI 

water. The column was used at 30°C, with a 20 mM NaOH isocratic eluent at 1.5 mL min−1, and a 

suppressor current at 75 mA. 

DFT Calculation of C−F Bond Dissociation Energies (BDEs). The C−F BDEs for all 

PFASs examined in this study were calculated using the GAUSSIAN 09 software package.11 All 

molecular geometries were fully optimized with the Grimme empirical dispersion correction with 

y = 1.0098x - 0.0015
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Figure A.1 Fluoride measurement comparison between the ion chromatography (IC) and the 

fluoride ion-selective electrode (ISE) in samples with the reaction solution matrix. 
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the Becke-Johnson damping term (D3-BJ)12 added to the B3LYP/6-311+G(2d,2p) hybrid 

functional energies.13-16 We have specifically chosen this level of theory to allow for a 

straightforward comparison with previous studies on similar compounds.17 Truhlar’s SMD 

solvation model was chosen to implicitly simulate the aqueous environment.18 Harmonic frequency 

calculations were carried out to confirm that all of the structures were local minima on the potential 

energy surface. The BDE for each bond was calculated through the following expression: 

EBDE = (Hradical[PFAS minus F]
*  + Hradical F

* ) - Hparent PFAS
*  

where 𝐻∗ represents the enthalpy of formation.17 Calculation results are summarized in Tables 

A.4−A.8. 

Because a detailed defluorination mechanism remains elusive, in this study we still chose 

to calculate the energy for C−F bond dissociation to investigate a simplified correlation with the 

rate and extent of defluorination. We point out that since the reactions with eaq
− will involve radical 

structures from the parent PFAS compounds and the release of fluoride ion, neither homolytic (i.e., 

forming a C radical and an F radical) nor heterolytic dissociation (i.e., forming a C cation and an F 

anion) of the ideal structures could reflect the exact reactions. However, the C−F BDEs can be used 

as a predictive descriptor because (1) the calculation results agree well with experimental findings, 

and (2) it provides a quick tool to predict the susceptibility to defluorination in an engineered 

treatment system using eaq
−.   
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Tables A.4 to A.21 Referred in the Main Text 

Table A.4 Calculated C−F BDEs (kcal mol−1) for Perfluorocarboxylate Anions (PFCAs). 

Position 2 3 4 5 6 7 8 9 10 11 12 

CF3CO2
− 116.8           

C2F5CO2
− 106.9 119.2          

C3F7CO2
− 106.8 110.5 119.2         

C4F9CO2
− 106.9 109.0 108.6 118.1        

C5F11CO2
− 107.2 107.8 107.2 108.4 117.9       

C6F13CO2
− 107.3 108.8 106.9 107.0 108.4 118.6      

C7F15CO2
− 107.3 108.1 107.3 107.0 106.8 108.3 117.7     

C8F17CO2
− 107.3 108.1 107.1 107.1 106.8 106.8 108.3 117.7    

C9F19CO2
− 107.3 108.0 107.3 107.1 106.9 106.6 106.7 108.3 118.5   

C10F21CO2
− 107.3 108.9 107.3 106.0 106.9 106.8 106.6 106.8 108.1 118.8  

C11F23CO2
− 107.3 107.8 107.3 106.9 106.8 106.7 106.7 106.6 106.8 108.1 117.7 

 

 

  

CF3–COO–
12

Numbering:

CF3–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CF2–COO–
123456789101112
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Table A.5 Calculated C−F BDEs (kcal mol−1) for Perfluorodicarboxylate Anions (PFdiCAs). 

Position 2 3 4 5 6 7 8 9 10 11 
−O2CCF2CO2

− 107.3          
−O2CCF2CH2CO2

− 107.5          
−O2CC2F4CO2

− 106.7 106.6         
−O2CC3F6CO2

− 106.9 110.5 106.9        
−O2CC4F8CO2

− 107.5 109.6 109.6 107.5       
−O2CC6F12CO2

− 107.4 108.4 107.5 107.5 108.4 107.4     
−O2CC7F14CO2

− 107.4 108.3 107.5 107.3 107.5 108.3 107.4    
−O2CC8F16CO2

− 107.3 108.5 107.4 107.3 107.3 107.4 108.5 107.3   
−O2CC10F20CO2

− 107.3 107.8 107.3 107.0 107.0 107.0 107.0 107.3 107.8 107.3 

 

  

Numbering:

–COO–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CF2–COO–
1234567891011

–COO–CF3–COO–
12
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Table A.6 Calculated C−F BDEs (kcal mol−1) for Fluorotelomer Carboxylate Anions (FTCAs). 

Position 4 5 6 7 8 9 10 11 

CF3CH2CH2CO2
− 122.68        

C2F5CH2CH2CO2
− 113.34 120.59       

C3F7CH2CH2CO2
− 112.18 110.99 118.82      

C4F9CH2CH2CO2
− 110.91 109.00 109.43 118.10     

C5F11CH2CH2CO2
− 111.02 110.12 107.02 108.48 118.73    

C6F13CH2CH2CO2
− 110.82 108.97 106.71 106.99 108.37 118.56   

C7F15CH2CH2CO2
− 110.76 108.79 107.19 106.79 106.86 108.17 117.76  

C8F17CH2CH2CO2
− 110.72 108.95 107.11 106.89 106.42 106.78 108.09 118.55 

 

 

  

CF3–CF2–CF2–CF2–CF2–CF2–CF2–CF2–CH2CH2COO–
1234567891011

1234

CF3–CH2CH2COO–Numbering:
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Table A.7 Calculated C−F BDEs (kcal mol−1) for Perfluorosulfonate Anions (PFSAs). 

Position 1 2 3 4 5 6 7 8 

CF3SO3
− 119.57        

C4F9SO3
− 109.18 106.54 108.85 118.77     

C6F13SO3
− 109.57 106.38 106.85 106.90 108.41 118.58   

C8F17SO3
− 112.06 106.73 106.96 106.67 106.67 106.67 108.38 118.80 

 

 

  

CF3–CF2–CF2–CF2–CF2–CF2–CF2–CF2–SO3
–

12345678

1

CF3–SO3
–Numbering:
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Table A.8 Calculated C−F BDEs (kcal mol−1) for the Three Fluorinated Acetate Anions. 

 

 

  

CF3CO2
− 116.81 

CF2HCO2
− 109.70 

CFH2CO2
− 108.61 
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Table A.9 Peak Areas and Quantification of Transformation Products (TPs) from PFDA 

Degradation. 

(Note: only the species (i) with peak areas above the quantification limit and (ii) having standard 

chemicals are quantified into the molar concentration.) 

 
 PFDAa  

Time(h) C10F19O2
– C10F18HO2

– C10F17H2O2
– C10F16H3O2

– 

0 1.60E+09 1.49E+06 ND ND 
1 1.47E+09 5.08E+07 ND ND 

2 1.11E+09 1.08E+08 3.53E+05 ND 

4 6.52E+08 1.90E+08 3.34E+06 ND 
8 8.81E+07 1.94E+08 1.11E+07 1.42E+06 

12 1.07E+07 1.33E+08 4.70E+06 3.32E+05 
 

 PFNA PFOA 

Time(h) C9F17O2
– C9F16HO2

– C8F15O2
– C8F14HO2

– 

0 1.70E+06 <LOQ ND 1.61E+06 1.11E+05 

1 4.81E+07 327 nM 3.48E+05 2.78E+06 9.27E+05 
2 5.69E+07 387 nM 1.08E+06 3.51E+06 1.23E+06 

4 5.79E+07 394 nM 2.85E+06 3.68E+06 1.72E+06 

8 2.32E+07 158 nM 4.48E+06 3.25E+06 8.41E+05 
12 1.45E+07 98.4 nM 3.88E+06 3.39E+06 4.45E+05 

 

 PFHpA PFHxA PFPeA PFBA 

Time(h) C7F13O2
– C7F12HO2

– C7F11H2O2
– C6F11O2

– C6F10HO2
– C6F9H2O2

– C5F9O2
– C5F8HO2

– C4F7O2
– 

0 1.90E+05 4.11E+05 ND 7.52E+04 4.28E+05 ND ND ND ND 
1 1.95E+06 2.63E+06 ND 8.64E+05 1.80E+06 ND 1.12E+06 4.76E+05 5.36E+05 

2 1.85E+06 4.81E+06 2.09E+05 1.70E+06 3.21E+06 7.28E+04 2.15E+06 4.69E+05 7.49E+05 

4 1.87E+06 6.77E+06 1.05E+06 2.40E+06 4.22E+06 4.76E+05 3.09E+06 1.20E+06 1.15E+06 

8 1.58E+06 2.83E+06 2.97E+06 2.21E+06 1.98E+06 1.45E+06 2.25E+06 6.09E+05 1.11E+06 

12 1.47E+06 7.47E+05 3.08E+06 1.72E+06 7.84E+05 1.51E+06 2.15E+06 2.75E+05 7.27E+05 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding PFCA. 
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Table A.10 Peak Areas and Quantification of TPs from PFNA Degradation. 

 PFNAa PFOA 

Time(h) C9F17O2
– C9F16HO2

– C9F15H2O2
– C9F14H3O2

– C8F15O2
– C8F14HO2

– 
0 1.31E+09 1.59E+07 0.00E+00 0.00E+00 3.76E+06 <LOQ 0.00E+00 

1 7.56E+08 8.91E+07 0.00E+00 0.00E+00 4.10E+07 222 nM 0.00E+00 

2 3.83E+08 1.36E+08 0.00E+00 0.00E+00 2.79E+07 151 nM 4.50E+05 
4 7.97E+07 1.22E+08 3.47E+06 0.00E+00 1.26E+07 <LOQ 1.05E+06 

8 2.19E+06 8.07E+07 4.25E+06 3.19E+05 4.09E+06 <LOQ 5.53E+05 

12 7.34E+05 6.90E+07 5.52E+06 4.13E+05 3.34E+06 <LOQ 4.44E+05 

 

 PFHpA PFHxA PFPeA PFBA 

Time(h) C7F13O2
– C7F12HO2

– C7F11H2O2
– C6F11O2

– C6F10HO2
– C6F9H2O2

– C5F9O2
– C5F8HO2

– C4F7O2
– 

0 1.02E+07 2.45E+06 0.00E+00 1.01E+06 1.84E+05 0.00E+00 3.97E+05 0.00E+00 0.00E+00 

1 5.01E+06 3.16E+06 0.00E+00 8.04E+05 4.44E+06 1.84E+05 1.25E+06 1.67E+06 1.08E+06 
2 2.31E+06 2.33E+06 3.98E+05 5.79E+05 4.50E+06 7.60E+05 1.32E+06 1.81E+06 1.34E+06 

4 5.44E+05 1.16E+06 1.03E+06 3.19E+05 1.95E+06 1.77E+06 8.44E+05 7.29E+05 9.78E+05 

8 3.24E+05 0.00E+00 1.25E+06 2.00E+05 2.07E+05 2.16E+06 4.96E+05 0.00E+00 5.78E+05 
12 8.12E+05 0.00E+00 1.24E+06 1.68E+05 1.60E+05 2.00E+06 4.08E+05 0.00E+00 0.00E+00 

aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding PFCA.  
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Table A.11 Peak Areas and Quantification of TPs from PFOA Degradation. 

 PFOAa 

Time(h) C8F15O2
– C8F14HO2

– C8F13H2O2
– C8F12H3O2

– C8F11H4O2
– C8F9H6O2

– 
0 2.84E+09 1.19E+06 6.44E+04 ND 5.17E+05 ND 

1 1.74E+09 1.34E+08 5.78E+05 ND 6.53E+05 ND 

2 8.99E+08 2.26E+08 2.63E+06 ND 8.66E+05 ND 
4 1.61E+08 2.42E+08 8.12E+06 ND 1.37E+06 1.03E+05 

8 1.09E+07 1.64E+08 1.31E+07 6.84E+05 1.56E+06 3.90E+05 

12 4.79E+06 1.25E+08 1.55E+07 6.85E+05 2.16E+06 5.57E+05 
24 4.43E+06 7.79E+07 1.84E+07 8.42E+05 2.69E+06 1.01E+06 

36 4.83E+06 6.47E+07 3.40E+07 1.89E+06 4.24E+06 1.07E+06 

48 4.91E+06 6.34E+07 3.63E+07 2.12E+06 7.55E+06 8.78E+05 

 

  PFHpA  PFHxA 

Time(h) C7F13O2
– C7F12HO2

– C7F9H4O2
– C6F10HO2

– 

0 1.27E+07 <LOQ ND ND ND 

1 3.74E+07 265 nM 4.57E+05 ND 9.66E+05 
2 2.36E+07 167 nM 1.07E+06 ND 8.01E+05 

4 7.44E+06 <LOQ 1.15E+06 ND 6.54E+05 

8 2.68E+06 <LOQ 8.86E+05 ND 1.58E+05 
12 2.25E+06 <LOQ 7.37E+05 1.01E+06 ND 

24 1.88E+06 <LOQ 6.33E+05 9.74E+05 ND 

36 3.49E+06 <LOQ 8.45E+05 1.93E+06 ND 
48 3.66E+06 <LOQ 1.96E+06 2.71E+06 ND 

aProducts with the same chain length are assumed to be H/F exchange 

derivatives from the corresponding PFCA. 
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Table A.12 Peak Areas and Quantification of TPs from PFHpA Degradation. 

  PFHpAa 

Time (h) C7F13O2
– C7F12HO2

– C7F11H2O2
– C7F10H3O2

– 
0 2.63E+09 3.39E+06 ND ND 

1 1.99E+09 2.13E+08 3.66E+05 ND 

2 1.33E+09 3.59E+08 8.87E+05 ND 
4 4.52E+08 4.32E+08 3.39E+06 9.87E+04 

8 2.14E+07 3.45E+08 8.53E+06 1.96E+05 

12 8.79E+05 2.86E+08 4.16E+07 8.76E+05 
24 2.05E+05 1.57E+08 3.15E+06 1.84E+05 

48 1.43E+05 1.26E+08 4.96E+06 2.61E+05 

 
  PFHxA PFPeA 

Time (h)  C6F11O2
– C6F10HO2

– C6F9H2O2
– C5F9O2

– C5F8HO2
– 

0  3.29E+05 <LOQ 1.11E+07 ND 1.57E+05 ND 
1  4.29E+07 250 nM 6.95E+06 2.09E+05 2.62E+05 1.72E+05 

2  5.44E+07 317 nM 4.04E+06 4.07E+05 3.41E+05 7.90E+05 

4  2.09E+07 122 nM 1.45E+06 6.10E+05 6.09E+05 8.40E+05 
8  4.70E+06 <LOQ 1.04E+06 4.80E+05 7.66E+05 2.04E+05 

12  4.63E+06 <LOQ 8.88E+05 7.34E+05 6.18E+05 ND 

24  3.55E+06 <LOQ 5.62E+05 4.05E+05 3.38E+05 ND 
48  7.73E+06 <LOQ 8.00E+05 3.08E+05 6.84E+05 ND 

aProducts with the same chain length are assumed to be H/F exchange derivatives 

from the corresponding PFCA. 
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Table A.13 Peak Areas of TPs from PFHxA Degradation. 

 PFHxAa PFPeA 

Time (h) C6F11O2
– C6F10HO2

– C6F9H2O2
– C5F9O2

– C5F8HO2
– 

0 2.65E+09 3.27E+07 1.86E+06 3.76E+06 1.06E+05 

1 2.01E+09 1.84E+08 2.20E+06 2.97E+07 1.66E+05 

2 1.37E+09 3.06E+08 3.67E+06 1.08E+07 2.49E+05 
4 4.42E+08 3.62E+08 3.11E+06 8.90E+06 3.59E+05 

8 1.78E+07 2.74E+08 1.35E+07 1.27E+06 4.03E+05 

12 1.48E+06 2.31E+08 1.68E+07 1.46E+06 3.69E+05 
aProducts with the same chain length are assumed to be H/F exchange 
derivatives from the corresponding PFCA. 
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Table A.14 Peak Areas of C8 Sulfonate TPs from PFOS Degradation. 

 PFOSa 

Time(h) C8F17SO3
– C8F16HSO3

– C8F15H2SO3
– C8F14H3SO3

– C8F13H4SO3
– C8F12H5SO3

– C8F11H6SO3
– C8F9H8SO3

– 
0 2.05E+09 ND ND ND ND ND ND ND 

1 1.64E+09 2.37E+07 ND ND ND ND ND ND 

2 1.51E+09 1.99E+07 6.93E+05 9.17E+04 ND ND ND ND 
4 1.34E+09 4.05E+07 9.66E+05 1.13E+05 1.17E+05 ND ND ND 

8 1.09E+09 4.79E+07 1.79E+06 9.36E+05 1.07E+05 ND 5.69E+04 5.56E+04 

12 8.29E+08 3.25E+07 1.67E+07 2.50E+06 2.58E+07 ND ND 1.22E+05 
24 5.11E+08 1.87E+07 3.17E+06 2.40E+06 1.28E+06 ND 1.42E+05 2.81E+05 

36 3.43E+08 1.73E+07 9.15E+07 6.80E+06 1.02E+07 2.49E+05 ND 2.85E+05 

48 2.78E+08 1.36E+07 9.63E+06 3.59E+06 3.68E+06 3.15E+05 1.53E+05 2.70E+05 

 

 PFOS 

Time(h) C8F8H9SO3
– C8F7H10SO3

– C8F6H11SO3
– C8F5H12SO3

– C8F4H13SO3
– C8F3H14SO3

– C8FH16SO3
– 

0 ND ND ND ND ND ND ND 

1 ND ND ND ND ND ND 1.48E+05 
2 ND ND ND ND ND ND 1.70E+05 

4 ND ND ND ND ND ND ND 

8 ND ND ND ND 6.77E+04 ND ND 
12 ND ND ND ND 1.27E+05 ND ND 

24 1.43E+05 6.19E+04 8.67E+04 ND 1.38E+05 ND 1.66E+05 

36 1.54E+05 5.72E+04 1.63E+05 4.74E+04 1.38E+05 ND ND 
48 1.42E+05 ND ND ND 1.13E+05 8.62E+04 ND 

aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding PFSA. 
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Table A.15 Peak Areas and Quantification of C7, C6, and C4 Sulfonate TPs from PFOS 

Degradation. 

 PFHpSa 

Time(h) C7F15SO3
– C7F14HSO3

– C7F13H2SO3
– C7F12H3SO3

– C7F11H4SO3
– 

0 2.84E+08 ND  ND ND ND 

1 2.37E+08 4.77E+05 ND ND ND 

2 2.12E+08 9.13E+05 ND ND ND 
4 1.94E+08 1.34E+06 ND ND ND 

8 1.53E+08 1.84E+06 1.31E+05 ND ND 

12 1.30E+08 1.65E+06 9.10E+05 ND ND 
24 7.93E+07 1.22E+06 3.10E+05 ND ND 

36 6.71E+07 1.35E+06 5.34E+06 1.33E+05 1.02E+05 

48 5.73E+07 1.56E+06 9.16E+05 ND   ND 

 

  PFHxS PFBS 

Time(h) C6F13SO3
– C6F12HSO3

– C6F11H2SO3
– C4F9SO3

– C4F8HSO3
– b C4F7H2SO3

– 

0 4.50E+07 335 nM ND  2.72E+05 1.08E+07 1.83E+05 ND 

1 1.74E+07 130 nM 2.18E+06 ND 1.05E+07 8.33E+06 ND 
2 2.13E+07 158 nM 7.23E+06 ND 1.04E+07 2.12E+07 ND 

4 1.63E+07 121 nM 1.45E+07 ND 1.03E+07 4.38E+07 ND 

8 1.38E+07 102 nM 2.47E+07 ND 1.01E+07 8.15E+07 ND 
12 1.22E+07 <LOQ 3.14E+07 1.59E+05 1.04E+07 1.03E+08 ND 

24 9.60E+06 <LOQ 3.76E+07  ND 9.81E+06 1.32E+08 ND 

36 8.48E+06 <LOQ 3.23E+07 4.40E+05 9.36E+06 1.37E+08 2.48E+05 
48 7.60E+06 <LOQ 3.90E+07 2.50E+05 9.44E+06 1.43E+08 2.25E+05 

aThe C7 PFSA (PFHpS), C6 PFSA (PFHxS) and C4 PFSA (PFBS) in the PFOS reagent have significant peak areas in the t=0 sample, 

and are thus believed to be impurities from PFOS production. Degradation products with the same chain length are assumed to be H/F 
exchange derivatives from the corresponding PFSA.  
bThe large peak areas of products with one H/F exchange at 48 h is higher than the perfluorinated sulfonate in the same chain length, 

probably indicating other mechanisms of formation from longer-chain precursors. 
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Table A.16 Peak Areas of Carboxylate TPs from PFOS Degradation. 

 PFOAa PFHpAb PFHxAb PFPeAb PFBAb 

Time(h) C8F15O2
– C8F14HO2

– C7F13O2
– C7F12HO2

– C6F11O2
– C6F10HO2

– C5F9O2
– C5F8HO2

– C4F7O2
– 

0 1.79E+06 ND 7.75E+04 ND ND ND ND ND ND 

1 1.77E+06 6.92E+04 1.61E+06 ND 5.83E+05 ND 1.60E+06 ND 1.89E+06 

2 1.57E+06 1.95E+05 3.28E+06 ND 1.37E+06 ND 3.35E+06 ND 4.03E+06 
4 1.23E+06 3.81E+05 3.76E+06 3.81E+05 1.96E+06 1.78E+05 4.17E+06 3.74E+05 5.26E+06 

8 6.81E+05 4.77E+05 2.14E+06 8.77E+05 1.30E+06 4.91E+05 2.70E+06 8.50E+05 3.68E+06 

12 5.82E+05 5.19E+05 1.56E+06 9.65E+05 1.25E+06 5.47E+05 2.10E+06 9.65E+05 2.70E+06 
24 2.73E+05 2.73E+05 6.46E+05 5.33E+05 4.42E+05 4.92E+05 1.24E+06 6.41E+05 1.64E+06 

36 1.79E+05 2.16E+05 3.27E+05 3.71E+05 2.24E+05 2.60E+05 8.06E+05 4.75E+05 7.51E+05 

48 1.82E+05 2.01E+05 3.82E+05 3.14E+05 3.19E+05 3.12E+05 8.75E+05 4.10E+05 4.82E+05 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding PFCA. 
bThe ratios of shorter-chain PFCAs to PFOA in this table are much higher than the ratios observed in PFCA degradation 

reactions (Tables A.9-A.13). This indicates that a significant portion of the shorter-chain PFCAs are from the degradation of 

shorter-chain PFSA impurities in the PFOS reagent (e.g., PFHpS, PFHxS, and PFBS; see Table A.15).   
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Table A.17 Peak Areas of C6 Sulfonate TPs from PFHxS Degradation. 

  PFHxSa 

Time(h) C6F13SO3
– C6F12HSO3

– C6F11H2SO3
– C6F10H3SO3

– C6F9H4SO3
– C6F6H7SO3

– 

0 4.45E+09 ND ND ND ND ND 

1 3.29E+09 5.84E+06 ND ND ND ND 
2 3.22E+09 1.25E+07 1.38E+06 ND 1.00E+05 ND 

4 3.31E+09 2.43E+07 3.24E+06 ND 1.53E+05 ND 

8 2.93E+09 4.36E+07 3.05E+07 8.48E+04 1.65E+05 3.85E+05 
12 2.97E+09 4.90E+07 5.20E+07 3.43E+05 1.54E+05 3.99E+05 

24 2.69E+09 5.82E+07 8.90E+07 8.30E+05 1.83E+05 4.48E+05 

36 2.75E+09 6.10E+07 1.22E+08 1.19E+06 2.39E+05 4.24E+05 
48 2.72E+09 5.74E+07 8.50E+07 1.19E+06 ND 5.85E+05 

aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding PFSA. 
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Table A.18 Peak Areas of C5, C4, and C3 Sulfonate TPs from PFHxS Degradation. 

 PFPeSa PFBS PFPrS 

Time(h) C5F11SO3
– C5F10HSO3

– C4F9SO3
– C4F8HSO3

– b C3F6HSO3
– 

0 2.20E+07 ND 1.18E+07 0.00E+00 0.00E+00 

1 2.09E+07 ND 1.12E+07 1.47E+06 7.72E+05 
2 2.03E+07 ND 1.10E+07 3.28E+06 2.72E+06 

4 2.13E+07 ND 1.20E+07 1.50E+07 4.08E+06 

8 1.90E+07 2.05E+05 1.13E+07 1.44E+07 9.08E+06 
12 1.99E+07 4.12E+05 1.19E+07 2.13E+07 2.42E+07 

24 1.64E+07 5.01E+05 1.09E+07 2.99E+07 2.07E+07 

36 1.85E+07 6.09E+05 1.17E+07 3.51E+07 4.12E+07 
48 1.72E+07 6.71E+05 1.14E+07 4.83E+07 2.37E+07 

aProducts with the same chain length are assumed to be H/F exchange derivatives from the 

corresponding PFSA. 
bThe peak areas of products with one H/F exchange at 48 h are higher than the perfluorinated 

sulfonate in the same chain length, probably indicating other mechanisms of formation from 

longer-chain precursors. 
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Table A.19 Peak Areas of Carboxylate TPs from PFHxS Degradation. 

 PFHxAa PFPeAb PFBAb 

Time(h) C6F11O2
– C6F10HO2

– C6F9H2O2
– C5F9O2

– C5F8HO2
– C4F7O2

– 
0 1.32E+05 3.63E+05 ND ND ND ND 

1 2.04E+06 1.83E+05 ND 2.16E+06 ND ND 

2 2.68E+06 3.98E+05 ND 4.24E+06 ND 3.54E+05 
4 3.09E+06 1.01E+06 ND 5.51E+06 3.07E+05 5.65E+05 

8 2.26E+06 1.67E+06 7.49E+04 3.58E+06 6.88E+05 5.95E+05 

12 2.00E+06 2.05E+06 1.12E+05 3.24E+06 9.48E+05 8.58E+05 
24 1.84E+06 2.17E+06 2.31E+05 2.55E+06 9.50E+05 3.64E+05 

36 2.01E+06 2.58E+06 3.30E+05 2.43E+06 9.58E+05 3.15E+05 

48 2.23E+06 2.32E+06 2.75E+05 2.97E+06 9.38E+05 3.51E+05 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the 
corresponding PFCA. 
bThe ratios of shorter-chain PFCAs to PFOA in this table are much higher than the ratios observed 

in PFCA degradation reactions (Tables A.9-A.13). This indicates that a significant portion of the 
shorter-chain PFCAs are from the degradation of shorter-chain PFSA impurities in the PFHxS 

reagent (e.g., PFPeS and PFBS; see Table A.18).   
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Table A.20 Peak Areas and Quantification of Telomeric Carboxylate TPs from n=8 FTCA 

Degradation. 

 n=8 FTCA (C8F17CH2CH2COO−)a n=6 FTCAb 

Time (h) C11F17H4O2
– C11F16H5O2

– C11F15H6O2
– C9F13H4O2

– C9F12H5O2
– 

0 7.99E+08 ND ND ND <LOQ ND 
1 7.91E+08 1.93E+06 ND ND <LOQ 9.51E+04 

2 7.37E+08 4.22E+06 1.54E+05 1.04E+05 <LOQ 2.48E+05 

4 7.92E+08 7.93E+06 7.71E+05 1.96E+05 <LOQ 9.04E+05 
8 6.42E+08 5.46E+06 1.32E+06 4.28E+05 10.5 nM 2.27E+06 

12 5.75E+08 5.42E+06 2.86E+06 5.94E+05 14.6 nM 2.97E+06 

24 4.40E+08 3.71E+06 2.92E+06 7.68E+05 18.9 nM 4.58E+06 
36 2.61E+08 4.46E+06 1.37E+07 8.96E+05 22.0 nM 3.17E+06 

48 2.42E+08 4.03E+06 1.03E+07 9.31E+05 22.9 nM 4.63E+06 

  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

aProducts with the same chain length and containing more than 5 hydrogens are assumed to be H/F exchange derivatives from the 

corresponding FTCA. Note that perfluorinated carboxylates did not yield detectable products with more than 4 H/F exchanges. 
bUnlike shorter-chain PFSAs in PFOS and PFHxS degradation samples, these shorter-chain FTCAs are not impurities in the n = 8 
FTCA reagent because they were not detected in the t = 0 sample.    

 
n=5 

FTCAb 
n=5 

FTCAb 
n=4 

FTCA 

Time (h) 

C8F11H4

O2
– 

C8F11H4

O2
– 

C7F8H5O2
– 

0 ND ND ND 

1 ND ND 2.73E+05 

2 ND ND 6.19E+05 
4 8.84E+04 8.84E+04 1.50E+06 

8 1.55E+05 1.55E+05 3.01E+06 

12 2.23E+05 2.23E+05 4.37E+06 
24 3.67E+05 3.67E+05 6.65E+06 

36 3.74E+05 3.74E+05 7.47E+06 

48 4.09E+05 4.09E+05 8.49E+06 
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Table A.21 Peak Areas and Quantification of Carboxylate TPs from n=8 FTCA Degradation. 

 PFOAa PFHpA PFHxA PFPeA PFBA 

Time(h) C8F15O2
– C7F13O2

– C6F11O2
– C5F9O2

– C4F7O2
– 

0 1.71E+05 ND ND ND ND 

1 ND ND ND ND 6.60E+05 

2 1.54E+05 ND ND ND 1.40E+06 
4 1.84E+05 ND ND 1.24E+05 2.23E+06 

8 1.98E+05 ND ND 1.30E+05 1.96E+06 

12 2.17E+05 ND ND 9.90E+04 1.58E+06 
24 2.31E+05 6.09E+04 ND 1.05E+05 9.88E+05 

36 4.23E+05 1.05E+05 7.68E+04 8.23E+04 7.17E+05 

48 5.54E+05 1.84E+05 1.78E+05 1.48E+05 6.54E+05 
aProducts with H/F exchanges from perfluorinated carboxylates were not detected. 
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Figures A.2 to A.5 Referred in the Main Text 

  

C2F5−COO
2− C4F9−COO

2−

C6F13−COO
2−

C8F15−COO
2−

2.72 Å 3.27 Å

4.49 Å

3.25 Å

Figure A.2 Geometry-optimized structure of n = 2, 4, 6, and 8 PFCA⦁2− at the B3LYP-D3(BJ)/6-

311+G(2d,2p) level of theory.  
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Figure A.3 Geometry-optimized structure of n = 4, 6, and 8 PFSA⦁2− at the B3LYP-D3(BJ)/6-

311+G(2d,2p) level of theory. 

C4F13−SO3
2−

C6F13−SO3
2−

C8F13−SO3
2−

2.64 Å

2.65 Å

2.63 Å
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C4F9−CH2CH2COO
2−

C6F13−CH2CH2COO
2−

C8F17−CH2CH2COO
2−

2.23 Å

Figure A.4 Geometry-optimized structure of n = 4, 6, and 8 FTCA⦁2− at the B3LYP-D3(BJ)/6-

311+G(2d,2p) level of theory. 
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Figure A.5 Representative degradation products from (a) PFDA, (b) PFNA, (c) PFOA, (d) PFHpA, and (e) 
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Figure A.6 Time profiles for the defluorination of two probing fluorinated alcohols. Reaction 

conditions: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 

W low-pressure Hg lamp for 600 mL solutions), pH 9.5 and 20 °C. Numbers on the top of each 

molecule show the calculated C–F BDEs (kcal mol–1) at the B3LYP-D3(BJ)/6-311+G(2d,2p) level 

of theory. 
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Text A.1 Referred in the Main Text 

Text A.1 In general, the C−F BDE for −CHF− is lower than that of –CF2−, whereas the 

C−F BDE for –CF2−CH2– is higher than that of –CF2−CF2–. 

For the former case, the increasing number of F atoms on the same (geminal) C atom will 

increase the positive partial charge on the C atom. This would increase the ionic character of the 

C−F bond, leading to an elevated BDE.19 This theory is supported by comparing C−F BDEs among 

CF4, CF3H, CF2H2, and CFH3,19 and between CF3CF3 and CH3CH2F.20  

For the latter case, the fluorocarbon group −CF2– or –CF3 is a strong electron-withdrawing 

group to weaken the C−F bonds on the neighboring –CF2− group. The hydrocarbon group does not 

have such an effect to weaken the C−F bonds on the neighboring –CF2− group. This theory is 

supported by the calculated C−F BDEs of PFCAs and FTCAs in this study. More examples can be 

found from Liu et al.17 where a variety of branched PFASs structures were calculated.   

We examined two polyfluorinated alcohols (Figure A.6) as the probe compounds. The 

structure (structure b) with −CHF− in the middle of the fluorocarbon chain indeed showed (i) 

lower C−F BDE and (ii) much faster defluorination in comparison to the one with –CF2− in the 

middle of the fluorocarbon chain (structure a).   
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APPENDIX B: APPENDICES FOR CHAPTER 3 

Detailed Information on Materials and Methods 

Chemicals and Preparation of PFAS Stock Solutions. All PFAS chemicals were purchased 

from Alfa-Aesar, Fluoryx Labs, Oakwood Chemicals, and SynQuest Laboratories. Table B.1 

summarizes the name, purity, and CAS number of all PFECAs included in this study. All other 

chemicals and solvents were purchased from Fisher Chemical. Individual PFECAs were dissolved 

in either deionized (DI, produced by Milli-Q system) water or methanol as 10 mM stock solutions. 

For acid compounds in water solvent, the addition of 20 mM NaOH effectively facilitated the 

dissolution of long chain structures and prevented the volatilization of short chain structures. For 

long chain PFECAs that did not readily dissolve in water, methanol was used as the solvent. 

Methanol does not interfere with the PFAS defluorination with hydrated electrons. For example, 

preliminary experiments with 25 μM HFPO-DA introduced with the water stock solution (1.5 mL 

into 600 mL final volume) and with the methanol stock solution (1.5 mL into 600 mL final volume, 

resulting in ~62 mM methanol in water) gave the same rate and extent of defluorination. All PFECA 

stock solutions were wrapped in Parafilm and stored at room temperature (20°C). 
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Table B.1 Information of PFECAs Used in This Study. 

  

Entry Chemical Name  n Purity CAS# 

CF3CF2−[CF2−O−CF(CF3)]n−COOH 

A1 Perfluoro(2-methyl-3-oxahexanoic) acid 1 97% 13252-13-6 

A2 Perfluoro(2,5-dimethyl-3,6-dioxanonanoic) acid 2 95% 13252-14-7 

A3 Perfluoro(2,5,8-trimethyl-3,6,9-trioxadodecanoic) acid 3 97% 65294-16-8 

     

CF3O−[CF2]n−COOH (or salt) 

B1 Perfluoro(2-methoxyacetate) sodium salt 1 98% 21837-98-9 

B2 Perfluoro(3-methoxypropanoic) acid 2 98% 377-73-1 

B3 Perfluoro(4-methoxybutanoic) acid 3 ‒ 863090-89-5 

     

CF3O−[CF2CF2O]n−CF2−COOH 

C1 Perfluoro(3,6-dioxaheptanoic) acid 1 98% 151772-58-6 

C2 Perfluoro(3,6,9-trioxadecanoic) acid 2 98% 151772-59-7 

 

CF3CF2CF2CF2O−[CF2CF2O]n−CF2−COOH 

D1 Perfluoro(3,6-dioxadecanoic) acid 1 97% 137780-69-9 

D2 Perfluoro(3,6,9-trioxatridecanoic) acid 2 98% 330562-41-9 

     

Special structures 

‒ Trifluoropyruvic acid CF3−CO−COOH ‒ 97% 1081801-99-1 

‒ 2-(trifluoromethoxy)acetic acid CF3O−CH2−COOH ‒ 97% 69105-00-6 
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Measurement of PFAS Parent Compound Decay and Transformation Products.  

Quantification of PFAS Parent Compounds. The concentrations of PFAS parent 

compounds were measured by a high-performance liquid chromatography–triple quadrupole mass 

spectrometry system (HPLC−MS/MS, Agilent 1200 HPLC, and Sciex 5500 QTRAP MS) as 

previously described,1 but with a slight modification. Briefly, a 1-μL sample was loaded onto a 

Zorbax SB-Aq column (particle size 5μm, 4.6×50 mm, Agilent) and eluted with 350 μL min−1 of 

10 mM ammonia formate (A) and methanol (B), at a linear gradient as follows: 100% A for 0−1 

min, 2% A for 2−15 min, and 100% A for 16−21 min. The mass spectra were obtained from a 

negative ionization mode. The ion spray voltage was set to −4500 V, the source temperature was 

set to 450°C, and the curtain gas, ion source gas 1, and ion source gas 2 were 30, 50, and 60, 

respectively. Multiple reaction monitoring (MRM) was used for quantification, and the MRM 

transition was listed in Table A2. The limit of quantification (LOQ) for each compound was 

determined as the lowest concentration with a detection variation <20% (Table B.2). 

Transformation Products Identification. To identify the transformation products, samples 

were first analyzed by liquid chromatography coupled to a high-resolution quadrupole orbitrap 

mass spectrometer (LC-HRMS/MS) (Q Exactive, Thermo Fisher Scientific). As described in our 

previous study,1 the transformation products were detected in full scan negative ionization mode 

on HRMS at a resolution of 70,000 at m/z 200 and a scan range of m/z 50−750. The software 

Xcalibur (Thermo Fisher Scientific) was used for data acquisition and analysis. Suspect screening 

was carried out to identify the transformation products of selected PFASs, which was conducted 

on software TraceFinder 4.1 EFS (Thermo Fisher Scientific). The transformation product suspect 

lists were compiled using an automatic product mass prediction script, which considered all 

possible reactions including both chain shortening and H/F exchange. Plausible transformation 

products were identified based on the following criteria: (i) mass accuracy tolerance < 5 ppm; (ii) 
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isotopic pattern score > 70%; (iii) peak area > 105; (iv) peak area showing an increasing trend over 

time, or a first increase then followed by a decrease. For the identified transformation products with 

the reference compounds available, their concentrations were further determined by the liquid 

chromatography–triple quadrupole mass spectrometer (HPLC−MS/MS) as above described. 

Table B.2 MRM Transition and LOQ. 

  

Entry Chemical Name  n MRM Transition 

(m/z) 

LOQ 

(nM) 

CF3CF2−[CF2−O−CF(CF3)]n−COOH 

A1 Perfluoro(2-methyl-3-oxahexanoic) acid 1 329.0/185.0 1 

A2 Perfluoro(2,5-dimethyl-3,6-dioxanonanoic) acid 2 495.0/185.0 1 

A3 Perfluoro(2,5,8-trimethyl-3,6,9-trioxadodecanoic) acid 3 661.0/185.0 25 

     

CF3O−[CF2]n−COOH (or salt) 

B2 Perfluoro(3-methoxypropanoic) acid 2 229.0/85.0 25 

B3 Perfluoro(4-methoxybutanoic) acid 3 279.0/85.0 0.1 

     

CF3O−[CF2CF2O]n−CF2−COOH 

C1 Perfluoro(3,6-dioxaheptanoic) acid 1 295.0/135.0 25 

C2 Perfluoro(3,6,9-trioxadecanoic) acid 2 411.0/317.0 2 

 

CF3CF2CF2CF2O−[CF2CF2O]n−CF2−COOH 

D1 Perfluoro(3,6-dioxadecanoic) acid 1 445.0/169.0 2 

D2 Perfluoro(3,6,9-trioxatridecanoic) acid 2 561.0/467.0 2 
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Ion Chromatography Analysis of Small Parent Compounds and Transformation Products. 

Analysis was performed using a Dionex ICS-5000 ion chromatography system equipped with a 

conductivity detector and suppressor (AERS 4 mm). Ion separation was executed with an IonPac 

AS11-HC analytical column (4 × 250 mm) in line with an AG11-HC guard column (4 × 50 mm). 

The column temperature was maintained at 30°C. The isocratic NaOH mobile phase was provided 

by a Dionex ICS-6000 EG eluent generator. Specific methods for each target analyte are below:   

▪ Perfluoro(2-methoxy)acetate (B1) and oxalate: 20 mM NaOH, 1.0 mL min–1; 

▪ 2-(Trifluoromethoxy)acetate (CF3−O−CH2−COOH): 10 mM NaOH, 1.0 mL min–1; 

▪ Trifluoropyruvate (TFPy): 20 mM NaOH, 1.5 mL min–1 / 15 mM NaOH, 1.0 mL min–1; 

▪ Trifluoroacetic acid (TFA): 10 mM NaOH, 1.0 mL min–1. 
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Tables B.3 to B.11 Referred in the Main Text 

Table B.3 Concentrations and Peak Areas of the Parent Compound and Transformation Product 

(TP) Suspects from Perfluoro(2-methyl-3-oxahexanoate) [A1, HPFO-DA] Degradation. 

 HPFO-DA (A1)a 

Time(h) b,cC6F11O3
– cC6F10HO3

– cC5F7H2O3
– 

0 25.0 1.03E+07 ND ND 

1 23.4 9.67E+06 5.34E+05 ND 

2 20.3 8.32E+06 1.51E+06 ND 
4 7.2 5.80E+06 3.54E+06 ND 

8 6.3 2.62E+06 5.36E+06 ND 

12 3.5 1.44E+06 5.71E+06 ND 

24 1.2 4.59E+05 5.38E+06 ND 

48 0.4 1.73E+05 4.02E+06 ND 
aProducts with the same chain length are assumed to be H/F and H/CF3 exchange derivatives from the corresponding branched 
PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
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Table B.4 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(2,5-dimethyl-3,6-dioxanonanoate) [A2, HFPO-TrA] Degradation. 

 HFPO-TrA (A2)a HFPO-DA (A1)a 

Time(h) c,dC9F17O4
– cC9F16HO4

– cC8F13H2O4
– bC6F11O3

– cC6F10HO3
– cC5F7H2O3

– 

0 4.05E+05 ND ND 2.53 ND ND 

1 3.10E+05 9.10E+04 ND 4.06 6.87E+04 ND 

2 2.12E+05 1.43E+05 ND 4.18 2.79E+05 ND 
4 1.37E+05 6.63E+05 ND 5.95 1.40E+06 ND 

8 7.18E+04 1.00E+06 3.28E+04 6.57 3.64E+06 ND 

12 1.27E+05 1.10E+06 8.78E+04 5.58 4.93E+06 ND 
24 ND 1.85E+06 1.09E+05 3.79 7.87E+06 ND 

48 ND 1.85E+06 1.61E+05 2.61 7.98E+06 ND 
aProducts with the same chain length are assumed to be H/F and H/CF3 exchange derivatives from the corresponding branched 

PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
dNot stable under the ionization condition used for both MS detection methods. Only the small peak areas by HRMS are shown. Note 
the significant concentration of HFPO-DA detected in the t = 0 sample. 
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Table B.5 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(2,5,8-trimethyl-3,6,9-trioxadodecanoate) [A3, HFPO-TeA] Degradation. 

 HFPO-TeA (A3)a HFPO-TrA (A2)a HFPO-DA (A3)a 

Time(h
) 

b,eC12F23O

5
– 

cC10F15H4O

5
– 

bC9F17O

4
– 

cC9F16HO

4
– 

cC9F15H2O

4
– 

cC8F13H2O

4
– 

bC6F11O

3
– 

cC6F10HO

3
– 

cC5F7H3O

3
– 

0 25.0 ND 0.27 ND ND ND 0 ND ND 

1 23.4 ND 2.02 ND ND ND 0.04 ND ND 
2 14.2 ND 3.57 ND ND ND 0.27 ND ND 

4 13.0 ND 6.45 2.86E+05 4.78E+04 ND 1.22 ND ND 

8 6.9 ND 7.93 8.60E+05 1.99E+05 7.13E+04 2.97 2.93E+06 6.61E+05 
12 4.9 6.37E+04 7.49 1.13E+06 1.08E+06 5.77E+04 3.71 3.69E+06 4.16E+05 

24 3.1 2.42E+05 4.80 1.70E+06 2.61E+06 1.00E+05 3.46 6.71E+06 1.16E+06 

48 2.9 4.86E+05 2.17 1.90E+06 4.61E+06 1.09E+05 2.45 7.23E+06 1.06E+06 
 

 PFPrAd 

Time(h) bC3F5O2
– bC3F4HO2

– bC3F3H2O2
– 

0 ND ND ND 

1 ND ND ND 

2 ND 0.19 ND 
4 ND 0.47 ND 

8 0.35 0.81 ND 

12 0.62 0.93 ND 
24 0.70 0.96 ND 

48 0.71 0.80 ND 
aProducts with the same chain length are assumed to be H/F and H/CF3 exchange derivatives from the corresponding branched 
PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
dProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding PFCA. 
eNot stable under the ionization condition used for HRMS detection. 
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Table B.6 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(3-methoxypropanoate) [B2] Degradation. 

 Perfluoro(3-methoxypropanoate) (B2)a Perfluoro(2-methoxyacetate) 

Time (h) b,cC4F7O3
– cC4F6HO3

– cC4F5H2O3
– cC3F5O3

– 

0 25.0 7.26E+08 1.15E+06 ND 1.02E+05 

1 20.3 5.91E+08 3.71E+06 ND 4.54E+05 

2 15.2 4.42E+08 7.01E+06 ND 9.75E+05 
4 6.3 1.83E+08 9.23E+06 ND 7.14E+05 

8 0.6 1.75E+07 6.30E+06 3.74E+04 2.65E+05 

12 0.2 6.35E+06 3.99E+06 4.86E+04 1.77E+05 
24 0.2 5.61E+06 1.76E+06 1.02E+05 8.92E+04 

48 0.1 5.52E+06 1.01E+06 1.39E+05 2.04E+05 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding linear PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
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Table B.7 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(4-methoxybutanoate) [B3] Degradation. 

 Perfluoro(4-methoxybutanoate) (B3)a Perfluoro(3-methoxypropanoate) (B2)a Perfluorosuccinate 

Time (h) b,cC5F9O3
– cC5F8HO3

– cC5F7H2O3
– bC4F7O3

– cC4F6HO3
– bC4F4O4

2– 
0 25.0 6.74E+08 2.23E+06 ND 0.23 4.39E+06 ND 

1 13.9 5.16E+08 4.50E+07 ND 0.83 9.08E+06 ND 

2 8.9 3.44E+08 7.96E+07 1.21E+05 0.81 8.35E+06 0.12 
4 2.8 1.71E+08 1.03E+08 3.57E+05 0.40 4.04E+06 0.29 

8 0.3 2.89E+07 9.19E+07 8.72E+05 0.08 6.89E+05 0.33 

12 ND 3.94E+06 7.40E+07 6.12E+05 0.05 4.18E+05 0.37 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding linear PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
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Table B.8 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(3,6-dioxaheptanoate) [C1] Degradation. 

 Perfluoro(3,6-dioxaheptanoate) (C1)a Perfluoro(2-methoxyacetate) 

Time (h) b,cC5F9O4
– cC5F8HO4

– cC5F7H2O4
– cC3F5O3

– 

0 25.6 6.91E+07 2.03E+06 ND ND 

1 20.7 5.60E+07 1.82E+06 ND 2.41E+07 

2 17.4 4.69E+07 4.55E+06 ND 3.85E+07 
4 10.6 2.86E+07 6.63E+06 ND 4.37E+07 

8 4.4 1.18E+07 5.56E+06 ND 3.57E+07 

12 2.5 6.75E+06 4.24E+06 ND 2.50E+07 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding linear PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
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Table B.9 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(3,6,9-trioxadecanoate) [C2] Degradation. 

 Perfluoro(3,6,9-trioxadecanoate) (C2)a Perfluoro(3,6-dioxaheptanoate) (C1)a 

Time (h) b,cC7F13O5
– cC7F12HO5

– cC7F11H2O5
– bC5F9O4

– cC5F8HO4
– 

0 25.0 1.26E+07 ND ND ND ND 

1 23.6 9.17E+06 1.90E+06 ND 2.4 2.24E+05 

2 20.1 8.14E+06 5.19E+06 7.99E+04 4.6 7.11E+05 
4 12.7 5.66E+06 1.01E+07 6.18E+05 6.5 2.55E+06 

8 3.8 3.36E+06 9.55E+06 1.82E+06 5.2 4.85E+06 

12 1.8 1.98E+06 6.89E+06 2.97E+06 2.9 4.45E+06 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding linear PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area).  
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Table B.10 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(3,6-dioxadecanoate) [D1] Degradation. 

 Perfluoro(3,6-dioxadecanoate) (D1)a Perfluoro(3-oxaheptanoate)a  PFBA 

Time (h) b,cC8F15O4
– cC8F14HO4

– cC8F13H2O4
– cC6F11O3

– cC6F10HO3
– c,dC5F6H3O3

– bC4F7O2
– 

0 26.7 6.83E+06 5.73E+05 ND 5.39E+06 ND ND ND 

1 20.6 5.27E+06 3.92E+06 3.50E+04 1.05E+07 5.18E+05 ND 0.6 

2 20.6 5.28E+06 7.86E+06 1.63E+05 1.32E+07 1.99E+06 5.57E+04 2.4 
4 12.7 3.24E+06 1.13E+07 8.99E+05 1.32E+07 4.88E+06 6.77E+05 4.6 

8 6.9 1.78E+06 8.14E+06 1.29E+06 8.04E+06 5.58E+06 1.76E+06 3.8 

12 3.3 8.36E+05 4.74E+06 1.87E+06 4.87E+06 3.70E+06 2.94E+06 2.0 
aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding linear PFECA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
dProduct assigned as the product after DHEH. 
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Table B.11 Concentrations and Peak Areas of the Parent Compound and TP Suspects from 

Perfluoro(3,6,9-trioxatridecanoate) [D2] Degradation. 

 Perfluoro(3,6,9-trioxatridecanoate) (D2)a Perfluoro(3,6-dioxadecanoate) (D1)a 

Time (h) b,cC10F19O5
– cC10F18HO5

– c,dC9F14H3O5
– bC8F15O4

– cC8F14HO4
– cC8F13H2O4

– 
0 25.0 1.43E+06 3.54E+05 2.22E+05 0.02 ND ND 

1 22.7 1.44E+06 3.66E+06 2.13E+05 5.0 4.77E+05 ND 

2 17.9 9.28E+05 7.64E+06 1.00E+06 10.2 1.49E+06 ND 
4 14.0 8.33E+05 8.96E+06 4.39E+06 14.4 4.16E+06 ND 

8 7.0 5.09E+05 7.19E+06 1.71E+07 13.2 9.76E+06 1.15E+06 

12 3.5 1.64E+05 3.64E+06 2.78E+07 11.0 1.02E+07 9.30E+05 

 

 Perfluoro(3-oxaheptanoate)a PFBA 

Time (h) cC6F11O3
– cC6F10HO3

– bC4F7O2
– 

0 1.27E+06 ND ND 

1 2.48E+06 ND ND 
2 4.53E+06 2.69E+05 0.1 

4 7.24E+06 1.11E+06 0.4 

8 1.03E+07 3.85E+06 1.3 
12 9.22E+06 4.99E+06 1.4 

aProducts with the same chain length are assumed to be H/F exchange derivatives from the corresponding linear PFECA and PFCA. 
bQuantified by LC-MS/MS with standards (in μM).  
cObserved by HRMS analysis without standards for quantification (in peak area). 
dProduct assigned as the product after DHEH. 
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Figures B.1 to B.13 Referred in the Main Text 

 

(1a)+

(2a)+

(1b)+

+ (2b)

H2O
+ (2c)

(3)

n ~ 10

Figure B.1 Polymerization of hexafluoropropylene oxide (HFPO).2 A fluoride ion opens the 

epoxide ring to generate n-perfluoroalkoxide (1a). This structure can undergo rearrangement to 

generate perfluoroacyl fluoride (1b). Alternatively, n-perfluoroalkoxide can attack another epoxide 

monomer to generate the branched perfluoroalkoxide dimer (2a). The dimer can undergo 

rearrangement to form the dimer acyl fluoride (2b). Subsequent hydrolysis yields the carboxylic 

acid (i.e., HFPO-DA or “GenX” in this example) (2c). Following this reaction scheme, a variety of 

branched perfluoroalkyl ether oligomers and polymers can be synthesized (3). 
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Figure B.2 Calculated C−F and C−O BDEs (kcal mol−1) for branched HFPO oligomers.  



 

 

196 

 

 

  

B1

122.9

111.7

B2

123.0

114.7

108.0

120.0

113.2

110.2

106.2

B3
91.2 71.4

72.593.6

92.8 69.5

C–F BDE

C–O BDE

Figure B.3 Calculated C−F and C−O BDEs (kcal mol−1) for mono-ethers with the CF3O− head 

group. 
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Figure B.4 Calculated C−F and C−O BDEs (kcal mol−1) of TFEO oligomers with the CF3O– head 

group.  
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Figure B.5 Calculated C−F and C−O BDEs (kcal mol−1) for TFEO oligomers with the C4F9O− 

head group. 
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2.22 Å

2.44 Å 3.36 Å

(a) (b)

Figure B.6 Geometry-optimized [RF–COO]⦁2– structures from (a) A1−A3 and (b) B1−B3 at the 

B3LYP-D3(BJ)/6-311+G(2d,2p) level of theory, showing C−F bond stretching. 
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3.39 Å

3.39 Å3.42 Å

3.32 Å(a) (b)

Figure B.7 Geometry-optimized [RF–COO]⦁2– structures of (a) C1−C2 and (b) D1−D2 at the 

B3LYP-D3(BJ)/6-311+G(2d,2p) level of theory, showing C−O bond stretching. 
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Figure B.8 Ion-chromatography analysis for the generation of trifluoropyruvate (TFPy) from the 

degradation of HFPO-DA (A1). The chromatograph from the reaction mixture (a) is magnified in 

panels (b) and (c). Reaction conditions: A1 (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 

mM, pH adjusted to 9.5), 600 mL solution, 254 nm irradiation (18 W low-pressure Hg lamp) at 

20°C. The formation of TFPy was observed in panel (c), but the quantification was difficult due to 

the interference of another unknown species in a much higher intensity. However, as shown in 

panel (d), the elevated concentration of A1 (1 mM) generated more TFPy, and the peak separation 

was also improved by adjusting the eluent flow rate of the ion chromatography. Separation 

conditions: AS11-HC column (4 mm × 250 mm, 4μm) with AG-11 guard column at 30°C; isocratic 

eluent with 20 mM NaOH at a flow rate of 1.5 mL min–1 for (a)−(c) and with 15 mM NaOH at a 

flow rate of 1.0 mL min–1 for (d). 
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Figure B.9 Time profiles of parent compound decay and defluorination percentage for 

trifluoropyruvate (TFPy). Reaction conditions: CF3−CO−COO− (0.025 mM), Na2SO3 (10 mM), 

carbonate buffer (5 mM, pH adjusted to 9.5), 600 mL solution, 254 nm irradiation (18 W low-

pressure Hg lamp for 600 mL solution) at 20°C. 
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Figure B.10 Ion-chromatography analysis for the generation of trifluoroacetate (TFA) from the 

degradation of trifluoropyruvate (TFPy). The chromatograph from the reaction mixture (a) is 

zoomed in panel (b). The top small panel in (b) shows the peaks of two TFA standards. The bottom 

panel shows the lack of this TFA peak in the reaction matrix control where TFPy was not added. 

Reaction conditions: TFPy (1 mM), Na2SO3 (10 mM), carbonate buffer (5 mM, pH adjusted to 9.5), 

600 mL solution, 254 nm irradiation (18 W low-pressure Hg lamp) at 20°C. The high concentration 

of TFPy was used because the amount of TFA generated from 25 μM TFPy was too small (similar 

to Figure B.8c). The maximum concentration of TFA generated at 8 h was 19 μM (i.e., 1.9% of the 

initial TFPy). Separation conditions: AS11-HC column (4 mm × 250 mm, 4μm) with AG-11 guard 

column at 30°C; isocratic eluent with 10 mM NaOH at a flow rate of 1.0 mL min–1. 
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Figure B.11 Ion-chromatography analysis for the generation of oxalate from the degradation of 

B1. The peaks for (a) compound B1 and (b) oxalate are verified with four standard calibrating 

concentrations. The zoomed chromatograph for the reaction mixture is shown in panel (c). Reaction 

conditions: B1 (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM, pH adjusted to 9.5), 600 

mL solution, 254 nm irradiation (18 W low-pressure Hg lamp) at 20°C. The quantification of 

oxalate was difficult due to the interference of another unknown species in a much higher intensity. 

Separation conditions: AS11-HC column (4 mm × 250 mm, 4μm) with AG-11 guard column at 

30°C; isocratic eluent with 20 mM NaOH at a flow rate of 1.0 mL min–1. 
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Figure B.12 Defluorination percentages of the three HFPO oligomer acids without adding sulfite. 

Note that the y-axis range is 0−10%. Reaction conditions: individual PFECA (0.025 mM), 

carbonate buffer (5 mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL solution) 

at pH 9.5 and 20°C. 
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Figure B.13 Comparison of defluorination percentages of the three HFPO oligomer acids with (a) 

10 mM Na2SO3 at pH 9.5 and (b) 20 mM Na2SO3 at pH 10.0. Common reaction conditions: 

individual PFECA (0.025 mM), carbonate buffer (5 mM), 254 nm irradiation (an 18 W low-

pressure Hg lamp for 600 mL solution) at 20°C. 
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Schemes B.1 to B.10 Referred in the Main Text 

  

H/F 

exchange

C–O 
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eaq
–

H2O

–HF

H2O

(see Scheme S3)

H/CF3

exchange

–HF
HF + CO2

DHEHHO

(see Scheme S3)

Ion−Chromatography

LC−MS/MS

C–O cleavage

H/F exchange

DHEH

H/CF3 exchange

LC−HRMS

Scheme B.1 Proposed degradation mechanism for perfluoro(2-methyl-3-oxahexanoate) [A1, 

HPFO-DA]. 
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(see Scheme S3)

(see Scheme S3)

Scheme B.2 Proposed degradation mechanism for perfluoro(2,5-dimethyl-3,6-dioxanonanoate) 

[A2, HFPO-TrA]. 
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Scheme B.3 Proposed degradation mechanism for perfluoro(2,5,8-trimethyl-3,6,9-trioxa 

dodecanoate) [A3, HFPO-TeA]. 
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Scheme B.4 Proposed degradation mechanism for perfluoro(2-methoxyacetate) [B1]. 
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Scheme B.5 Proposed degradation mechanism for perfluoro(3-methoxypropanoate) [B2]. 
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Scheme B.6 Proposed degradation mechanism for perfluoro(4-methoxybutanoate) [B3]. 
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Scheme B.7 Proposed degradation mechanism for perfluoro(3,6-dioxaheptanoate) [C1]. 
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Scheme B.8 Proposed degradation mechanism for perfluoro(3,6,9-trioxadecanoate) [C2]. 
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Scheme B.9 Proposed degradation mechanism for perfluoro(3,6-dioxadecanoate) [D1]. 
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Scheme B.10 Proposed degradation mechanism for perfluoro(3,6,9-trioxatridecanoate) [D2]. 
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APPENDIX C: APPENDICES FOR CHAPTER 4 

Detailed Information on Materials and Methods 

Chemicals and the Preparation of PFCA Stock Solutions. Per- and polyfluorinated 

carboxylates (PFCAs) were purchased from Acros Organics, Alfa-Aesar, MP Biomedicals, 

Oakwood Chemicals, Sigma-Aldrich, and SynQuest Laboratories. Table C1 summarizes the name, 

purity, and CAS number of all PFCAs included in this study. All other chemicals and solvents were 

purchased from Fisher Chemical. Individual PFCAs were dissolved in deionized water (produced 

by a Milli-Q system) as 10 mM stock solutions by the addition of 20 mM NaOH to facilitate the 

dissolution of long-chain structures in water and prevent the volatilization of short-chain structures. 

All PFCA stock solutions were stored on benchtop at room temperature (20°C). 
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Table C.1 Information of PFCAs Used in This Study. 

  

Entry Chemical Name  Fluoroalkyl Length (n) Purity CAS# 

F(CF2)n−COOH (or salt) 

1 Sodium trifluoroacetate 1 98% 2923-18-4 

2 Perfluoropropionic acid 2 97% 422-64-0 

3 Perfluorobutyric acid 3 98% 375-22-4 

4 Perfluoropentanoic acid 4 97% 2706-90-3 

5 Perfluorohexanoic acid 5 97% 307-24-4 

6 Perfluoroheptanoic acid 6 98% 375-85-9 

7 Perfluorooctanoic acid 7 96% 335-67-1 

8 Perfluorononanoic acid 8 97% 375-95-1 

     

Polyfluorinated propanoate 

9 3,3,3-trifluoropropionic acid  97% 2516-99-6 

10 2,3,3,3-tetrafluoropropionic acid  97% 359-49-9 

11 2,2,3,3-tetrafluoropropionic acid  97% 756-09-2 

     

Polyfluorinated acetate 

12 Difluoroacetic acid  98% 381-73-7 

13 Sodium monofluoroacetate  95% 62-74-8 
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Measurement of PFCA Parent Compound Decay and Transformation Products.  

Quantification of short-chain PFCAs and sulfite. Concentrations of anions were analyzed 

by a Dionex ICS-5000 ion chromatography (IC) system equipped with a conductivity detector and 

suppressor (AERS 4 mm) and a Dionex ICS-6000 EG eluent generator using an EGC 500 KOH 

cartridge. The separation of organic and fluoroorganic anions used an IonPac AS11-HC analytical 

column (4 × 250 mm) in line with an AG11-HC guard column (4 × 50 mm). The separation of 

sulfite used an IonPac AS25 analytical column (4 × 250 mm) in line with an AG25 guard column 

(4 × 50 mm). Specific methods for each analyte are below: 

▪ TFA and DFA: Isocratic, 1.0 mL min–1, 10 mM KOH, 17°C, 30 minutes; 

▪ MFA and acetate: Gradient, 1.0 mL min–1, 1−20 mM KOH, 30°C, 50 minutes; 

▪ PFPrA: Isocratic, 1.5 mL min–1, 20 mM KOH, 30°C, 20 minutes; 

▪ Polyfluorinated propanoates: Gradient, 1.0 mL min–1, 1−26 mM KOH, 30°C, 33 minutes; 

▪ Sulfite (SO3
2–): Isocratic, 20 mM NaOH, 1.0 mL min–1. 

The separation chromatographs and calibration curves are shown in Figure C1.  
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Quantification of long-chain PFASs and transformation products. For C4 PFBA and 

longer PFCAs, the parent compounds were analyzed by liquid chromatography equipped with a 

high-resolution quadrupole orbitrap mass spectrometer (LC−HRMS/MS) (Q Exactive, Thermo 

Fisher Scientific). For the LC separation, a 10-μL sample was loaded onto a Zorbax SB-Aq column 

(particle size 5μm, 4.6×50 mm, Agilent) and eluted at a flow rate of 350 μL min–1 with 10 mM 

ammonia formate (A) and methanol (B), at the gradient as follows: 100% A for 0−1 min, 2% A for 

2−15 min, and 100% A for 16−21 min. Both parent compounds and transformation products were 

detected in full scan negative ionization mode on HRMS at a resolution of 70,000 at m/z 200 and 

a scan range of m/z 50−750. The software Xcalibur (Thermo Fisher Scientific) was used for data 

acquisition and analysis. The limit of quantification (LOQ) for PFCAs was determined as the lowest 

concentration with a detection variation < 20% (Table C.2).  

Table C.2 LOQ of Long-Chain PFCAs. 

The suspect screening was carried out to identify transformation products (TPs) as described in our 

previous study.1, 2 Briefly, TraceFinder 4.1 EFS (Thermo Fisher Scientific) was used for the 

acquisition. The TP suspect lists were generated by a self-written automatic product mass 

prediction script, which includes all possible products from the mechanisms of both DHEH chain-

shortening and H/F exchange. Plausible TPs were identified based on the following criteria: (i) 

mass tolerance < 5 ppm; (ii) isotopic pattern score > 70%; (iii) peak area > 105; (iv) peak area 

showing either an increasing trend or first showing an increasing trend then followed by a 

decreasing trend over time.  

Entry Chemical Name  Chain Length (n) LOQ(nM) 

F(CF2)n−COOH 

1 Perfluorobutyric acid 3 10 

2 Perfluoropentanoic acid 4 10 

5 Perfluorohexanoic acid 5 10 

4 Perfluoroheptanoic acid 6 10 

5 Perfluorooctanoic acid 7 10 

6 Perfluorononanoic acid 8 10 
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Quality Assurance and Quality Control (QA/QC). For QA/QC, a mass calibration was 

performed before each analytical run. We prepared the calibration standards with a PFCA-free 

solution, which contained all other chemicals (i.e., sulfite and carbonate added at the same 

concentrations and the same pH) and was treated under the same UV irradiation. This procedure 

takes into consideration of the matrix effect on LC−MS quantification. The matrix-match standard 

series included nine concentration points ranging from 1 nM to 5 µM. No PFASs were detected in 

the Milli-Q water and matrix-match blank controls. Milli-Q water blanks were also run between 

each group of batch experiment samples and checked for PFAS detection, to avoid any PFAS carry 

over. All samples were stored at 4°C before measurement. The storage time for all samples was 

less than three weeks. 

Fluoride Analysis. All reactions were monitored for fluoride ion (F–) release using an ion-

selective electrode (ISE, Fisherbrand Accumet) with a Thermo Scientific Orion Versa Star Pro 

meter. Prior to analysis, each sample (2 mL) was added with an equal volume of the total ionic 

strength adjustment buffer (TISAB for fluoride electrode, Thermo Scientific). The accuracy of F– 

measurement by ISE was validated by IC in our previous work.1  
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Thermodynamic Estimation of the Effect of pH.  

In aqueous solutions, eaq
– can be rapidly quenched by H+:3 

H+ + eaq
– → 0.5 H2 

This reaction is considered as the combination of two half reactions: 

H+ + e– → 0.5 H2 (E
0

cathode = 0.00 V) 

e– → eaq
– (E0

anode = –2.87 V)4 

The overall reaction potential is: 

E0 = E0
cathode – E0

anode = 0.0 – (–2.87) = +2.87 V 

Assuming PH2 = 1 atm and [eaq
–] = 1 M, 

Q = (PH2)0.5/[H+][eaq
–] = 1/[H+] 

E = E0 – 0.059 × logQ = 2.87 – 0.059 pH 

Therefore, EpH 9.5 = 2.31 V and EpH 12 = 2.16 V. From pH 9.5 to pH 12, ∆E = –0.15 V and ∆∆G = 

14.47 kJ mol–1 or 3.46 kcal mol–1. 

The positive E values at both pH indicate that the quenching of eaq
– by H+ is highly 

favorable. However, the positive ∆∆G from pH 9.5 to pH 12 shows that the quenching becomes 

less favorable at high pH. The saved Gibbs free energy of 3.46 kcal mol–1 may be correlated to the 

cleavage of more recalcitrant C–F bonds. For example, the relatively strong C–F in TFA (116.8 

kcal mol–1) can be directly cleaved at pH 12 but not at pH 9.5. Based on our previous results using 

pH 9.5,1, 2 the eaq
– could directly cleave the C–F bond of up to 111.7 kcal mol–1 for H/F exchange.  

The general reaction for H/F exchange can be written as: 

C−F + H+ + 2eaq
– → C−H + F– 

This equation can be further modified into: 
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C−F + 2H+ + 2eaq
– + H2 → C−H + F– + H+ + H2 

So that the new equation can be de-coupled into two reactions: 

2H+ + 2eaq
– → H2        (1) 

C−F + H2 → C−H + F– + H+      (2) 

Due to the lack of thermodynamic data (e.g., ∆fG0) for individual PFAS molecules and 

defluorination products, for rough estimation, we assume that except for the various C−F bonds, 

all other species in Equation (2) have the same ∆fG0. Thus, from pH 9.5 to pH 12, the saved Gibbs 

free energy from Equation (1) may partially compensate for the energy needed to break the 

relatively strong C−F bond in Equation (2). 

It must be pointed out that this simplified approach does not consider the potentially 

elevated concentration of eaq
– and enhanced kinetic factors at pH 12. Substantial future efforts will 

be necessary to measure those parameters and elucidate detailed mechanisms.  
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Tables C.3 to C.10 Referred in the Main Text 

Table C.3 Quantification of Transformation Products (TPs) from Perfluoropropanoate (PFPrA) 

Degradation at pH 12 and pH 9.5. 

pH 12 PFPrA TFA 

Time (h) C3F5O2
– C3HF4O2

– C3H2F3O2
– C2F3O2

– 

0 265.3 μM 2.9 μMa ND 2.9 μMa 

1 3.6 μM 22.9 μM 11.5 μM 4.3 μM 

2 ND 10.5 μM 21.3 μM 5.1 μM 

4 ND 4.9 μM 29.6 μM 5.0 μM 

8 ND 3.2 μM 33.2 μM 4.5 μM 

12 ND 3.1 μM 33.2 μM 5.5 μM 

24 ND 3.0 μM 33.6 μM 5.8 μM 

 
pH 9.5 PFPrA TFA 

Time (h) C3F5O2
– C3HF4O2

– C3H2F3O2
– C2F3O2

– 

0 264.2 μM 2.9 μMa ND 2.8 μMa 

1 162.3 μM 11.1 μM 2.4 μM 3.1 μM 

2 96.1 μM 18.9 μM 3.1 μM 3.2 μM 

4 33.2 μM 27.3 μM 6.2 μM 3.2 μM 

8 7.8 μM 26.4 μM 16.1 μM 3.0 μM 

12 ND 22.0 μM 24.9 μM 2.9 μM 

24 ND 15.5 μM 41.0 μM 2.8 μM 
aThe positive concentrations detected in t = 0 samples indicate the presence of these structures as 

impurities. However, an increased level of these species at the following time intervals suggests the 

formation of these structures as TPs. 
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Table C.4 The Maximal Concentrations of the Daughter PFCA and the Ratios to the Parent PFCA 

(25 µM) at pH 9.5 and pH 12. 

aThe values are 53−75% of those in the previous report1 due to the modified calibration.  

 

  

PFCA 

CnF2n+1COO− 

Daughter PFCA 

Cn−1F2n−1COO− 

pH 9.5  pH 12  Fold of 

Enhanced 

Ratios 
Max. 

Conc. 

Time  

Observed 

Ratio  Max. 

Conc. 

Time  

Observed 

Ratio  

PFHxA  PFPeA 0.113 µM 1 h 0.45%  0.774 µM 1 h 3.1%  6.9 
PFHpA  PFHxA  0.192 µM a 2 h 0.77%  1.12 µM 1 h 4.5%  5.8 

PFOA  PFHpA  0.141 µM a 1 h 0.57%  1.42 µM 1 h 5.7%  10 

PFNA  PFOA  0.167 µM a 1 h 0.67%  1.30 µM 1 h 5.2%  7.8 
PFDA PFNA  0.243 µM a 4 h 0.97%  1.41 µM 1 h 5.6%  5.8 
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Table C.5 Quantification or Peak Areas of TPs from Perfluorodecanoate (PFDA) Degradation at 

pH 12.  

Note: (i) only the perfluorocarboxylates that have pure chemicals as the calibration standard are quantified 

into molar concentrations; (ii) TPs with the same chain length are assumed to be H/F exchange products from 

the corresponding PFCA.  

 
pH 12 PFDA 

Time (h) C10F19O2
– C10HF18O2

– C10H2F17O2
– C10H4F15O2

– C10H5F14O2
– C10H6F13O2

– C10H8F11O2
– 

0 25 µM ND ND ND ND ND ND 

1 0.105 µM 1.33E+07 6.96E+05 1.49E+06 1.77E+05 4.24E+05 ND 

2 ND 3.12E+06 ND 3.18E+05 1.79E+05 7.38E+05 ND 

4 ND 9.59E+05 ND ND ND 1.08E+06 ND 

8 ND ND ND ND ND 9.56E+05 1.25E+05 

12 ND ND ND ND ND 7.42E+05 1.42E+05 

24 ND ND ND ND ND 4.14E+05 ND 

 
pH 12 PFNA (product) 

Time (h) C9F17O2
– C9HF16O2

– 

0 0.018 µM ND 

1 1.41 µM 4.88E+05 

2 0.900 µM 2.47E+05 

4 0.499 µM 1.52E+05 

8 0.062 µM ND 

12 0.014 µM ND 

24 ND ND 
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Table C.6 Quantification or Peak Areas of TPs from Perfluorononanoate (PFNA) Degradation at 

pH 12.  

pH 12 PFNA 

Time (h) C9F17O2
– C9HF16O2

– C9H2F15O2
– C9H3F14O2

– C9H4F13O2
– C9H5F12O2

– C9H6F11O2
– C9H8F9O2

– 

0 25 µM 6.27E+06 ND ND ND ND ND ND 

1 0.277 µM 2.32E+07 1.05E+06 ND 1.98E+06 2.77E+05 3.54E+05 ND 

2 <LOQ 1.00E+07 6.12E+05 ND 8.74E+05 2.90E+05 7.21E+05 ND 

4 ND 3.42E+06 ND ND 3.68E+05 2.52E+05 1.21E+06 7.96E+04 

8 ND 6.35E+05 ND ND 1.25E+05 1.98E+05 1.60E+06 1.48E+05 

12 ND 1.15E+05 ND ND 1.24E+05 1.75E+05 1.54E+06 1.51E+05 

24 ND ND ND ND ND 6.73E+04 1.48E+06 1.61E+05 

 
pH 12 PFOA (product) 

Time (h) C8F15O2
– C8HF14O2

– 

0 0.014 µM 2.34E+05 

1 1.30 µM 3.62E+05 

2 1.13 µM 3.15E+05 

4 0.736 µM 2.51E+05 

8 0.201 µM 1.79E+05 

12 0.051 µM 1.11E+05 

24 <LOQ 1.20E+05 
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Table C.7 Quantification or Peak Areas of TPs from Perfluorooctanoate (PFOA) Degradation at 

pH 12. 

pH 12 PFOA 

Time (h) C8F15O2
– C8HF14O2

– C8H2F13O2
– C8H3F12O2

– C8H4F11O2
– C8H6F9O2

– C8H7F8O2
– C8H8F7O2

– 

0 25 µM 2.66E+05 ND ND ND ND ND ND 

1 0.132 µM 1.47E+07 1.51E+05 1.29E+06 2.00E+05 ND ND ND 

2 <LOQ 9.33E+06 ND 3.27E+05 1.95E+05 4.37E+05 6.95E+04 4.19E+04 

4 <LOQ 3.79E+04 ND 4.98E+04 1.90E+05 7.55E+05 1.56E+05 3.26E+05 

8 <LOQ 5.81E+04 ND ND 9.36E+04 8.29E+05 2.38E+05 8.39E+04 

12 <LOQ ND ND ND 6.67E+04 9.62E+05 2.69E+05 1.33E+05 

24 <LOQ 4.75E+04 ND ND ND 8.03E+05 2.12E+05 2.32E+05 

 
pH 12 PFHpA (product) 

Time (h) C7F13O2
– C7HF12O2

– 

0 0.099 µM 7.27E+04 

1 1.42 µM 2.05E+05 

2 0.714 µM 1.82E+05 

4 0.081 µM 6.64E+04 

8 <LOQ 5.72E+04 

12 ND 4.96E+04 

24 ND 4.58E+04 
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Table C.8 Quantification or Peak Areas of TPs from Perfluoroheptanoate (PFHpA) Degradation 

at pH 12. 

pH 12 PFHpA 

Time (h) C7F13O2
– C7HF12O2

– C7H2F11O2
– C7H3F10O2

– C7H5F8O2
– C7H6F7O2

– C7H8F5O2
– 

0 25 µM ND ND ND ND ND ND 

1 0.031 µM ND ND ND 1.16E+05 1.28E+05 1.40E+05 

2 <LOQ ND ND ND 1.50E+05 3.20E+05 1.95E+05 

4 0.012 µM ND ND ND 1.22E+05 4.48E+05 1.77E+05 

8 <LOQ ND ND ND 4.55E+04 5.14E+05 1.89E+05 

12 <LOQ ND ND ND ND 5.34E+05 1.47E+05 

24 <LOQ ND ND ND ND 4.97E+05 ND 

 
pH 12 PFHxA (product) 

Time (h) C6F11O2
– C6HF10O2

– 

0 0.018 µM ND 

1 1.12 µM ND 

2 0.646 µM ND 

4 0.288 µM ND 

8 0.019 µM ND 

12 <LOQ ND 

24 <LOQ ND 
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Table C.9 Quantification or Peak Areas of TPs from Perfluorohexanoate (PFHxA) Degradation at 

pH 12. 

pH 12 PFHxA PFPeA (product) 

Time (h) C6F11O2
– C6HF10O2

– C6H2F9O2
– C6H6F5O2

– C5F9O2
– C5HF8O2

– C5H4F5O2
– 

0 25 µM 3.72E+06 ND ND 0.016 µM ND ND 

1 <LOQ 1.73E+05 ND 1.38E+05 0.774 µM ND ND 

2 <LOQ ND ND 2.48E+05 0.544 µM ND 1.07E+05 

4 <LOQ 1.02E+05 ND 3.38E+05 0.082 µM ND 9.33E+04 

8 <LOQ 9.02E+04 ND 4.13E+05 0.018 µM ND 9.47E+04 

12 <LOQ ND ND 3.78E+05 <LOQ ND 1.23E+05 

24 <LOQ 8.41E+04 ND 3.56E+05 <LOQ ND 8.40E+04 
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Table C.10 Quantification of Perfluoropentanoate (PFPeA) and Perfluorobutanoate (PFBA) 

Degradation at pH 12. 

Note: Product analysis of these two relatively short PFCAs on the LC−HRMS was challenging.  

 
pH 12 PFPeA PFBA 

Time (h) C5F9O2
– C4F7O2

– 

0 25 µM 25 µM 

1 0.113 µM <LOQ 

2 0.032 µM ND 

4 <LOQ ND 

8 <LOQ ND 

12 <LOQ ND 

24 <LOQ ND 
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Figures C.2 to C.6 Referred in the Main Text 
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Figure C.2 Defluorination of n = 1 TFA and n = 2 PFPrA at various solution pH with and 

without sulfite addition. Reaction conditions: individual PFCA (0.025 mM), carbonate buffer 

(5 mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL solution) and 20 °C. 
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Figure C.3 The decay of SO3
2– at pH 9.5 and pH 12. Reaction conditions: Na2SO3 (10 mM), 

carbonate buffer (5 mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL solution) 

and 20 °C. 
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Figure C.4 The degradation, defluorination, and transformation product formation for (a) DFA and 

(b) MFA. Reaction conditions: PFAS (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 

254 nm irradiation (18 W low-pressure Hg lamp), pH 12 and 20 °C. 
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Figure C.5 PFOA degradation in DI water and in 1 M NaCl brine at pH 12. Reaction conditions: 

PFOA (0.025 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp) 

and 20 °C. 
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Figure C.6 PFOA degradation with various sulfite concentrations at pH 9.5. Reaction conditions: 

PFOA (0.025 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp) 

and 20 °C. 
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APPENDIX D: APPENDICES FOR CHAPTER 5 

Detailed Information on Materials and Methods 

Chemicals and the Preparation of PFCAm Stock Solutions. Per- and polyfluorinated 

carboxamides (PFCAms) and carboxylic acids (PFCAs) were purchased from Acros Organics, 

Alfa-Aesar, MP Biomedicals, Oakwood Chemicals, Sigma-Aldrich, and SynQuest Laboratories. 

Table A1 summarizes the name, purity, and CAS number of all PFCAms included in this study. 

All other chemicals and solvents were purchased from Fisher Chemical. Individual PFCAms were 

dissolved in methonal as 10-50 mM stock solutions. All PFCAms stock solutions were wrapped in 

parafilm and stored on the benchtop at room temperature (20°C). 

Table D.1 Information of PFCAms Used in This Study. 

  

Entry Chemical Name 
Fluoroalkyl 

Length (n) 
Purity CAS# 

F(CF2)n−CONH2 

1 Trifluoroamide 1 98 354-38-1 

2 Perfluoropropanamide 2 97 354-76-7 

3 Perfluorobutanamide 3 98 662-50-0 

4 Perfluoropentanamide 4 N/A 13485-61-5 

5 Perfluorohexanamide 5 97 335-54-6 

6 Perfluorooctanamide 7 97 423-54-1 

7 Perfluorodecanamide 9 97 307-40-4 

     

H2NOC−(CF2)n−CONH2 

8 2,2-difluoromalonamide 1 90 425-99-0 

9 Tetrafluorosuccinamide 2 98 377-37-7 

10 Hexafluoroglutaramide 3 97 507-68-6 

11 Octafluoroadipamide 4 97 355-66-8 

     

Polyfluorinated amide 

12 2,2-difluoroacetamide  97 359-38-6 

13 2,2-difluoropropanamide  97 49781-48-8 

14 3,3,3-trifluoropropanmide  97 460-75-3 

     

F(CF2)n−CONR2 

15 Perfluorooctaneamido ammonium salt 7 97 45305-66-6 
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Measurement of PFCA Parent Compound Decay and Transformation Products.  

Quantification of short-chain transformation products. Concentrations of organic and 

inorganic anions were analyzed by a Dionex ICS-5000 ion chromatography (IC) system equipped 

with a conductivity detector and suppressor (AERS 4 mm) and a Dionex ICS-6000 EG eluent 

generator using an EGC 500 KOH cartridge. The separation of organic, fluoro-organic, and 

inorganic anions used an IonPac AS11-HC analytical column (4 × 250 mm) in line with an 

AG11-HC guard column (4 × 50 mm).  

Table D.2 Summary of IC instrument methods. 

PFPrA method  

Flowrate 1.5 mL min−1 

Concentration 20 mM KOH 

Column Temperature 30°C 

Analyte(s) Perfluoropropanoate 

  

TFA method  

Flowrate 1.0 mL min−1 

Concentration 10 mM KOH 

Column Temperature 17°C 

Analyte(s) Trifluoroacetate 

  

Small−molecule method 

Flowrate 1.0 mL min−1 

Concentration Gradient 

0−5 min 1 mM KOH 

5−21 min 8 mM KOH 

21−27 min 14 mM KOH 

27−33 min 26 mM KOH 

33−43 min 45 mM KOH 

43−60 min 1 mM KOH 

Column Temperature 30°C 

Analyte(s)  

Organic Fluoro-organic 

Formate Monofluoroacetate 

Acetate Difluoroacetate 

Propanoate 2-monofluoropropanoate 

 2,2-difluoropropanoate 

 3,3,3-trifluoropropanoate 

 2,3,3,3-tetrafluoropropanoate 
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Quantification of PFAS parent compound and transformation products. High-

performance liquid chromatography coupled to high-resolution tandem mass spectrometry (HPLC-

HRMS/MS) analysis. Concentrations of the parent compound and transformation products were 

analyzed by high-performance liquid chromatography coupled to a high-resolution quadrupole 

orbitrap mass spectrometer (HPLC-HRMS/MS, Q Exactive, Thermo Fisher Scientific). For HPLC 

analysis, a 2 μL sample was loaded onto a Hypersil GOLD column (particle size 1.9 μm, 100×2.1 

mm, Thermo Fisher Scientific), and eluted at a flow rate of 300 μL/min with nano-pure water (A) 

and methanol (B) (both amended with 10 mM ammonium acetate). The linear gradient for LC 

separation was set as follows: 95% A:0−1 min, 95%−5% A:1−6 min, 5% A: 6−8 min, and 95% A: 

8−10 min. For HRMS, mass spectra were acquired in full scan mode at a resolution of 70,000 at 

m/z 200 and a scan range of m/z 50 − 750 under negative/positive switch ionization (ESI) mode. 

For data-dependent MS2 acquisition, MS2 fragments were obtained at a resolution of 17,500 with 

stepped normalized collision energy at 15, 26, and 35. The Xcalibur 4.0 and TraceFinder 4.1 EFS 

(Thermo Fisher Scientific) were used for data acquisition and analysis as described in our previous 

publications.1–3 The limit of quantification (LOQ) for PFCAs was determined as the lowest 

concentration with a detection variation < 20% (Table D.3).  

Table D.3 LOQ of PFCAs. 

Entry Chemical Name  Chain Length (n) LOQ (nM) 

F(CF2)n−COOH 

1 Trifluoroacetic acid 1 50 

2 Perfluoropropionic acid 2 100 

5 Perfluorobutyric acid 3 25 

4 Perfluoropentanoic acid 4 50 

5 Perfluorohexanoic acid 5 25 

6 Perfluoroheptanoic acid 6 25 

7 Perfluorooctanoic acid 7 25 

8 Perfluorononanoic acid 8 10 
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Transformation products (TPs) were identified by suspect screening as described in our 

previous study.1, 2 Briefly, TraceFinder 4.1 EFS (Thermo Fisher Scientific) was used for the 

screening. The TP suspect lists were generated by a self−written automatic product mass prediction 

script, which includes all possible products from the mechanisms of both DHEH chain−shortening 

and H/F exchange. Plausible TPs were identified based on the following criteria: (i) mass tolerance 

< 5 ppm; (ii) isotopic pattern score > 70%; (iii) peak area > 105; (iv) peak area showing either an 

increasing trend or first showing an increasing trend then followed by a decreasing trend over time.  

Quality Assurance and Quality Control (QA/QC). For QA/QC, the mass detector was 

calibrated using Pierce ESI Positive/Negative Ion Calibration Solutions (Thermo Scientific) every 

time before each analytical run. For samples quantification, PFCA standards was prepared in a 

PFCA−free solution, which contained all other chemicals (i.e., sulfite and carbonate added at the 

same concentrations and the same pH) and was treated under the same UV irradiation. This 

procedure takes into consideration of the matrix effect on LC−MS quantification. The 

matrix−match standard series included eleven concentration points ranging from 10 nM to 2 µM. 

No PFASs were detected in the Milli−Q water, pure methanol, and matrix−match blank controls. 

One Milli−Q water and one methanol blanks were also run between each group of batch experiment 

samples and checked for PFAS detection, to avoid any PFAS carry over. The storage time for all 

samples was less than three weeks before measurement. 

Fluoride Analysis. All reactions were monitored for fluoride ion (F–) release using an 

ion−selective electrode (ISE, Fisherbrand Accumet) with a Thermo Scientific Orion Versa Star Pro 

meter. Prior to analysis, each sample (2 mL) was added with an equal volume of total ionic strength 

adjustment buffer (TISAB for fluoride electrode, Thermo Scientific). The accuracy of F– 

measurement by ISE was validated by IC in our previous work.1  
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Ammonia Analysis. All PFCAm structures were prepared in Milli−Q water and free 

ammonia (NH3) was quantified by using an ammonium test (Ammonium LR with Vario Vial Test, 

0.02−2.5 mg/L N, Lovibond) and measuring the absorbance at 655 nm (Hach DR3900 

spectrophotometer). Prior to analysis, PFCAm methanol solution was diluted in water to 25 μM 

and subsequently added to an ammonium test vial (2 mL). Following the salicylate method, 

immediately after addition to vial, reagent packets were added to the vial and mixed until 

dissolution. Briefly, the salicylate method is a two−step procedure:  

(1) ammonia is reacted with hypochlorite to form monochloroamine (a) which reacts with salicylate 

to form 5−aminosalicylate (b);  

 

(a)  

 

 

(b)  

 

(2) oxidation of 5−aminosalicylate in the presence of a catalyst forming indosalicylate, a 

blue−colored compound.  

 

After the reaction is complete (20 minutes), the absorbance was measured and the concentration 

calculated based on a six−point calibration. This procedure relies on basic conditions (pH >12), 

therefore the measured ammonia is due to the base−hydrolysis of PFCAms within 20 minutes.   
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Tables D.4 to D.10 Referred in the Main Text 

Table D.4 Quantification by LC–HRMS of PFAS Reactants and Products from Perfluorooctamide 

(PFOAm) Degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 
LC–ESI–

HRMS 

n=1  

TFA 

3F,3F,3F 

C3 COOH 

Time (h) C2F3O2
– C3H2F3O2

– 

0 ND 16.28 μM 

0.08 (5 min) 0.234 μM 17.94 μM 

0.17 (10 min) 0.375 μM 16.53 μM 

0.25 (15 min) 0.324 μM 13.91 μM 

0.50 (30 min) 0.313 μM 20.47 μM 

0.75 (45 min) 0.569 μM 17.53 μM 

1 0.433 μM 16.92 μM 

2 0.286 μM 23.41 μM 

4 0.205 μM 26.02 μM 

8 ND 27.38 μM 

12 ND 22.95 μM 

 
  

LC–ESI–

HRMS 

n=7 

PFOA 

n=6 

PFHpA 

n=5 

PFHxA 

n=4 

PFPeA 

n=3 

PFBA 

n=2 

PFPrA 

Time (h) C8F15O2
– C7F13O2

– C6F11O2
– C5F9O2

– C4F7O2
– C3F5O2

– 

0 21.85 μM 0.204 μM ND ND ND ND 

0.08 (5 min) 20.36 μM 0.194 μM 0.061 μM 0.064 μM ND 0.089 μM 

0.17 (10 min) 17.13 μM 0.169 μM 0.107 μM 0.090 μM ND 0.075 μM 

0.25 (15 min) 12.75 μM 0.180 μM 0.146 μM 0.081 μM 0.068 μM 0.131 μM 

0.50 (30 min) 8.79 μM 0.193 μM 0.185 μM 0.094 μM 0.084 μM 0.133 μM 

0.75 (45 min) 3.19 μM 0.153 μM 0.206μM 0.093 μM 0.084 μM 0.148 μM 

1 1.23 μM 0.125 μM 0.159μM 0.050 μM ND 0.192 μM 

2 0.77 μM 0.139 μM 0.074 μM 0.026 μM ND 0.051 μM 

4 0.45 μM 0.127 μM ND ND ND ND 

8 0.29 μM 0.102 μM ND ND ND ND 

12 ND 0.075 μM ND ND ND ND 
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Table D.5 Quantification by LC–ESI–HRMS of PFAS Reactants and Products from 

Perfluorooctamide Ammonium Salt (PFOAAmS) Degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
LC–ESI–

HRMS 

n=1  

TFA 

3F,3F,3F 

C3 COOH 

Time (h) C2F3O2
– C3H2F3O2

– 

0 ND 13.42 μM 

0.02 (1 min) ND 11.16 μM 

0.03 (2 min) 0.344 μM 11.59 μM 

0.05 (3 min) 0.423 μM 16.72 μM 

0.07 (4 min) 0.512 μM 16.91 μM 

0.08 (5 min) 0.602 μM 13.05 μM 

0.25 (15 min) 0.627 μM 14.19 μM 

0.50 (30 min) 0.572 μM 16.08 μM 

1 0.330 μM 14.24 μM 

2 0.257 μM 15.82 μM 

4 0.204 μM 22.41 μM 

8 ND 26.93 μM 

12 ND 28.64 μM 

 

  

LC–ESI–

HRMS 

n=7 

PFOA 

n=6 

PFHpA 

n=5 

PFHxA 

n=4 

PFPeA 

n=3 

PFBA 

n=2 

PFPrA 

Time (h) C8F15O2
– C7F13O2

– C6F11O2
– C5F9O2

– C4F7O2
– C3F5O2

– 

0 15.18 μM 0.073 μM ND ND ND ND 

0.02 (1 min) 11.97 μM 0.037 μM ND ND ND 0.042 μM 

0.03 (2 min) 7.91 μM 0.079 μM 0.091 μM ND ND 0.181 μM 

0.05 (3 min) 4.37 μM 0.072 μM 0.171 μM ND 0.056 μM ND 

0.07 (4 min) 1.85 μM 0.080 μM 0.198 μM ND 0.102 μM 0.242 μM 

0.08 (5 min) 1.23 μM 0.092 μM 0.203 μM 0.041 μM 0.123 μM 0.089 μM 

0.25 (15 min) ND 0.109 μM 0.202 μM 0.061 μM 0.085 μM 0.039 μM 

0.50 (30 min) ND 0.153 μM 0.146 μM 0.065 μM 0.086 μM 0.251 μM 

1 ND 0.154 μM 0.142 μM 0.035 μM 0.060 μM 0.084 μM 

2 ND 0.211 μM 0.096 μM ND 0.090 μM 0.105 μM 

4 ND 0.068 μM 0.062 μM ND 0.042 μM 0.049 μM 

8 ND ND ND ND ND ND 

12 ND ND ND ND ND ND 
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Table D.6 Quantification by LC–ESI–HRMS of PFAS Reactants and Products from 

Perfluorohexamide (PFHxAm) Degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

LC–ESI–

HRMS 

n=5 

PFHxA 

n=4 

PFPeA 

n=3 

PFBA 

n=2 

PFPrA 

n=1  

TFA 

3F,3F,3F 

C3 COOH 

Time (h) C6F11O2
– C5F9O2

– C4F7O2
– C3F5O2

– C2F3O2
– C3H2F3O2

– 

0 24.31 μM ND ND ND ND 15.00 μM 

0.08 (5 min) 4.70 μM 0.099 μM 0.155 μM 0.743 μM 0.479 μM 9.57 μM 

0.17 (10 min) 4.28 μM ND 0.098 μM 0.479 μM 0.465 μM 14.42 μM 

0.25 (15 min) 2.67 μM 0.103 μM 0.053 μM 0.183 μM 0.441 μM 8.12 μM 

0.50 (30 min) 4.11 μM 0.072 μM 0.070 μM 0.093 μM 0.389 μM 13.44 μM 

0.75 (45 min) 2.72 μM 0.021 μM 0.054 μM 0.058 μM 0.293 μM 13.09 μM 

1 3.58 μM 0.026 μM 0.053 μM 0.065 μM 0.334 μM 14.78 μM 

2 0.82 μM 0.037 μM ND ND 0.234 μM 17.64 μM 

4 0.48 μM 0.042 μM ND ND ND 18.50 μM 

8 ND ND ND ND ND 19.94 μM 

12 ND ND ND ND ND 19.43 μM 
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Table D.7 Quantification by LC–ESI–HRMS of PFAS Reactants and Products from 

Perfluoropentamide (PFPeAm) Degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

LC–ESI–

HRMS 

n=4 

PFPeA 

n=3 

PFBA 

n=2 

PFPrA 

n=1  

TFA 

3F,3F,3F 

C3 COOH 

Time (h) C5F9O2
– C4F7O2

– C3F5O2
– C2F3O2

– C3H2F3O2
– 

0 27.51 μM ND ND ND 12.68 μM 

0.08 (5 min) 2.87 μM 0.106 μM 0.161 μM 1.154 μM 13.58 μM 

0.17 (10 min) 0.71 μM 0.128 μM 0.136 μM 0.765 μM 11.77 μM 

0.25 (15 min) 0.68 μM 0.049 μM ND 0.461 μM 10.33 μM 

0.50 (30 min) 0.68 μM 0.124 μM 0.120 μM 0.279 μM 12.56 μM 

0.75 (45 min) 0.53 μM 0.178 μM 0.086 μM 0.309 μM 8.92 μM 

1 0.33 μM 0.132 μM 0.108 μM 0.213 μM 14.95 μM 

2 ND 0.125 μM 0.039 μM ND 15.18 μM 

4 ND ND ND ND 23.93 μM 

8 ND ND ND ND 24.64 μM 

12 ND ND ND ND 22.45 μM 
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Table D.8 Quantification by LC–ESI–HRMS of PFAS Reactants and Products from 

Perfluorobutamide (PFBAm) Degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

LC–ESI–

HRMS 

n=3 

PFBA 

n=2 

PFPrA 

n=1  

TFA 

2F,3F,3F,3F 

C3 COOH  

3F,3F,3F 

C3 COOH 

Time (h) C4F7O2
– C3F5O2

– C2F3O2
– C3HF4O2

– C3H2F3O2
– 

0 21.90 μM ND ND 0.062 μM 9.59 μM 

0.08 (5 min) 4.83 μM ND 1.72 μM 0.061 μM 11.89 μM 

0.17 (10 min) 1.79 μM 0.072 μM 0.33 μM ND 14.70 μM 

0.25 (15 min) 1.75 μM 0.113 μM 0.20 μM 0.093 μM 15.66 μM 

0.50 (30 min) 2.05 μM ND ND ND 12.88 μM 

0.75 (45 min) 1.49 μM 0.042 μM ND ND 14.77 μM 

1 1.30 μM 0.104 μM ND ND 10.70 μM 

2 0.86 μM ND ND 0.056 μM 16.94 μM 

4 0.27 μM ND ND 0.044 μM 20.32 μM 

8 ND ND ND ND 21.88 μM 

12 ND ND ND ND 21.41 μM 
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Table D.9 Quantification by IC and LC–ESI–HRMS of PFAS Reactants and Products from 

Perfluoropropanamide (PFPrAm) Degradation. 

 

 

 

 

  

IC 

n=2 

PFPrA 

2F,3F,3F,3F 

C3 COOH 

3F,3F,3F 

C3 COOH 

Time (min) C3F5O2
– C3HF4O2

– C3H2F3O2
– 

0 25.1 μM ND ND 

5 8.22 μM 8.67 μM ND 

10 8.67 μM 2.67 μM 3.95 μM 

15 8.44 μM ND 7.91 μM 

30 8.22 μM ND 14.88 μM 

45 8.00 μM ND 16.51 μM 

60 6.00 μM ND 16.51 μM 

120 4.00 μM ND 17.21 μM 

240 0.67 μM ND 16.74 μM 

480 ND DNM DNM 

720 ND DNM DNM 
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Table D.10 Quantification by IC and LC–ESI–HRMS of PFAS Reactants and Products from 

Trifluoroacetamide (TFAm) Degradation. 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

IC 

n=1 

TFA 

Time (min) C2F3O2
– 

0 24.1 ± 1.8 μM 

5 14.3 ± 0.0 μM 

10 12.7 ± 0.0 μM 

15 9.2 ± 0.8 μM 

30 8.3 ± 0.6 μM 

45 8.5 ± 0.2 μM 

60 8.0 ± 0.3 μM 

120 6.6 ± 0.8 μM 

240 4.3 ± 0.2 μM 
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Figures D.1 to D.17 Referred in the Main Text 

 
Figure 0.1 (a) Defluorination from UV control experiments (i.e., no sulfite) for PFCAms (n=1 

TFAm, n=2 PFPrAm, and n=7 PFOAm) and PFCA (n=7 PFOA); (b) defluorination comparison of 

n=7 PFOAm with 10 mM sulfite addition at 0 h and at 1 h (i.e., PFOAm subjected to “1 h UV 

pretreatment”). Reaction conditions: PFCA(m) (0.025 mM), carbonate buffer (5 mM), 254 nm 

irradiation (an 18 W low-pressure Hg lamp for 600 mL solution), pH 9.5 and 20 °C. 
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Figure D.2 Defluorination profile for the treatment of 25 μM and 250 μM 

perfluorooctamide (PFOAm). Reaction conditions: Na2SO3 (10 mM), carbonate buffer (5 

mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL solution), pH 9.5 and 

20 °C.  
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Figure D.3 Defluorination profile for PFOAm with (a) oxidant radical scavengers (100 

mM), (b) inset of (a); and (c) hydrated electron (eaq
–) scavengers (NaNO2=10 mM; 

NaNO3=10 mM). Reaction conditions: PFOAm (25 μM), Na2SO3 (10 mM), carbonate 

buffer (5 mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL solution), 

pH 9.5 and 20 °C. 
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Figure D.4 Defluorination profile for PFOAm treated with various photochemically active sulfur 

oxyanions, including sodium sulfite (Na2SO3), potassium persulfate (K2S2O8), and potassium 

peroxymonosulfate (KHSO5). Reaction conditions: PFOAm (25 μM), sulfur oxyanion (10 mM), 

carbonate buffer (5 mM), 254 nm irradiation (an 18 W low−pressure Hg lamp for 600 mL solution), 

pH 9.5 and 20 °C. 
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Figure D.5 LC–ESI–HRMS results for decay and product generation of (a) n=5 PFHxAm, (b) n=4 

PFPeAm, and (c) n=3 PFBAm Reaction conditions: PFCAm (0.025 mM), Na2SO3 (10 mM), 

carbonate buffer (5 mM), 254 nm irradiation (an 18 W low−pressure Hg lamp for 600 mL solution), 

pH 9.5 and 20 °C. 
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Figure D.6 Defluorination profiles for perfluoroalkylated dicarboxamides [H2N−(CF2)n−NH2] and 

dicarboxylates [‒OOC−(CF2)n−COO‒]. Reaction conditions: PFdiCA(m) (0.025 mM), Na2SO3 (10 

mM), carbonate buffer (5 mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL 

solution), pH 9.5 and 20 °C. 
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Figure D.7 Ammonia release due to hydrolysis from PFCAms. Reaction conditions: 

PFCAm (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM).  
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Figure D.8 Defluorination profiles for PFCAm stability studies in different solvents and solution 

pH for (a) n=1 TFAm, (b) n=2 PFPrAm, (c) n=7 PFOAm, and (d) n=7 PFOAAmS. Reaction 

conditions: PFCAm (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation 

(an 18 W low-pressure Hg lamp for 600 mL solution), pH 9.5 and 20 °C.  
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Figure D.9 IC results for decay and product generation of n=1 TFAm. Reaction conditions: TFAm 

(0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (an 18 W low-pressure 

Hg lamp for 600 mL solution), pH 9.5 and 20 °C. 
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Figure D.10 IC results for decay and product generation of (a) n = 2 PFPrAm and (b) n=2 

perfluoropropanoate (PFPrA). Reaction conditions: PFCA(m) (0.025 mM), Na2SO3 (10 mM), 

carbonate buffer (5 mM), 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL 

solution), pH 9.5 and 20 °C. 
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Figure D.11 Fluoride recovery from combined reduction−oxidation for n=2 PFPrAm. Reduction 

reaction conditions: PFPrAm (0.025 mM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm 

irradiation (an 18 W low-pressure Hg lamp for 600 mL solution), pH 9.5 and 20 °C. Oxidation 

reaction conditions: reduction sample time point (3 mL), potassium persulfate (2.5 mM), pH 12 

and 120 °C, 40 minutes. 
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Figure D.12 Calculated C−F bond dissociation energies (kcal mol−1) of CF3−CF2−FG, 

CF3−CFH−FG, and CF3−CH2−FG for FG = (a) −CONH2 and (b) −COO−. 
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Figure D.13 Calculated C−F bond dissociation energies (kcal mol−1) of CH3−CF2−FG and 

CH3−CFH−FG for FG = (a) −CONH2 and (b) −COO−. 
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Figure D.14 Calculated C−F bond dissociation energies (kcal mol−1) of H−CF2−FG and 

H−CFH−FG for FG = (a) −CONH2 and (b) −COO−. 
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Figure D.15 Geometry−optimized structures for [CF3−CF2−FG]⦁−, [CF3−CFH−FG]⦁−, and 

[CF3−CH2−FG]⦁− at the B3LYP−D3(BJ)/6−311+G(2d,2p) level of theory showing C−F bond 

stretching, where FG = (a) −CONH2 and (b) −COO−. 
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Figure D.16 Geometry−optimized structures for [CH3−CF2−FG]⦁− and [CH3−CFH−FG]⦁− at the 

B3LYP−D3(BJ)/6−311+G(2d,2p) level of theory showing C−F bond stretching, where FG = (a) 

−CONH2 and (b) −COO−.  
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Figure D.17 Geometry−optimized structures for [H−CF2−FG]⦁− and [H−CFH−FG]⦁− at the 

B3LYP−D3(BJ)/6−311+G(2d,2p) level of theory showing C−F bond stretching, where FG = (a) 

−CONH2 and (b) −COO−. 
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