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Abstract 9 

Chlorinated polyfluoroalkyl substances (Clx−PFAS) have been developed and applied for 10 
decades, but they have just been recognized as an emerging class of pollutants. This study 11 
systematically investigated the degradation of three types of Clx−PFAS structures, including 12 

omega-chloroperfluorocarboxylates (ω-ClPFCAs, n=1,2,4,8 Cl−CnF2nCOO−), 9-13 
chlorohexadecafluoro-3-oxanonane-1-sulfonate (F-53B, Cl−(CF2)6−O−(CF2)2SO3

−) and 14 
polychlorotrifluoroethylene oligomer acids (CTFEOAs, n=1,2,3 Cl−(CF2CFCl)nCF2COO−) under 15 
UV/sulfite treatment. The results lead to a series of transformative insights. After initial reductive 16 

dechlorination by hydrated electron (eaq
–), multiple pathways occur, including hydrogenation, 17 

sulfonation, and dimerization. In particular, this study identified the unexpected hydroxylation 18 

pathway that convert the terminal ClCF2− into −OOC−, which is critical for the rapid and deep 19 
defluorination of F-53B. The hydroxylation of the middle carbons in CTFEOAs also triggers the 20 
cleavage of C−C bonds, yielding multiple −COO− groups to promote defluorination. Hence, the 21 

Cl atoms in Clx−PFAS enhance defluorination in comparison with the perfluorinated analogs. 22 

After UV/sulfite treatment, the HO• oxidation of the residue leads to ~100% defluorination of all 23 
ω-ClPFCAs and CTFEOAs, without generating toxic ClO3

− from Cl−. This study renovates and 24 
further advances the mechanistic understanding of PFAS degradation in “advanced reduction” 25 

systems. It also suggests the synergy between “more degradable” molecular design and cost-26 
effective degradation technology to achieve the balanced sustainability of fluorochemicals. 27 

  28 
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To effectively address the global pollution by per- and polyfluoroalkyl substances 29 
(PFAS),1-7 it is imperative to understand the degradation mechanism and develop treatment 30 
strategies for various PFAS structures. Environmental studies on PFAS started approximately 50 31 
years after the creation of PFAS.8-12 Current efforts primarily focus on the “legacy” perfluorinated 32 

CnF2n+1−X (X = COO−, SO3
−, and (CH2)m−R, where R represents highly diverse organic moieties). 33 

Those structures have been well known as building blocks and degradation products of 34 
surfactants13,14 and coatings.15,16 However, “alternative” PFAS containing −O−,17-19 –H,20,21 and –35 
Cl22,23 in the fluorinated moiety (RF) have also been systematically developed and extensively 36 
applied for decades. Recent studies have confirmed their negative health effects24-27 and worldwide 37 

pollution in water28-36 and soil.37  38 

Chlorine-containing PFAS (Clx−PFAS) are prepared by the telomerization process, where 39 
the iodinated telogen (RF−I) initiates the polymerization of fluorinated olefins (Schemes 1A and 40 

B). For enhanced stability against thermal and chemical reactions, the terminal iodine is further 41 
replaced by chlorine. The chlorination treatment costs less than fluorination (Scheme 1A).38,39 42 
Although the inclusion of Cl could result in higher surface tension than the perfluorinated analog,20 43 

the −CF3 branch could yield an even lower surface tension22 for fluoropolymer production.40 A 44 
long-chain ether sulfonate surfactant, F-53B, contains an omega-Cl and exhibits similar surface 45 

tension to the perfluorinated (and more costly) F-53 in a wide concentration range.41 F-53B was 46 
used as a mist suppressant for the electroplating industry in China39 and extensively detected in 47 
the environment.42-44 Recently, omega-chloroperfluoropolyether carboxylates (ClPFPECAs, 48 

Scheme 1C) developed for fluoropolymer synthesis45 have been detected in the soils of densely 49 
populated New Jersey of the U.S.37 Chlorine atoms are also included in both telogens and olefins 50 

to prepare polychlorinated PFAS.22,38 Polychlorotrifluoroethylenes (PCTFEs, Scheme 1D) are 51 
chemically inert, nonflammable, and more cost-effective than perfluoropolyethers for the use in 52 

metal lubricants and hydraulic fluids, and have shown high haptic toxicities.46,47 In the rat liver, 53 
PCTFEs are converted into oligomer acids (CTFEOAs), which are also chemically synthesized as 54 

commercial surfactants.23 55 

Scheme 1. (A−D) Structures and Synthesis of Representative Clx−PFAS; (E) Previously 56 
Elucidated Degradation Pathways for ω-HPFCA as a Hydrodechlorination Product of ω-ClPFCA. 57 
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The novel structural feature and significant environmental relevance of Clx−PFAS require 59 
an adequate understanding of degradation mechanisms and the development of cost-effective 60 
remediation technologies. Our lab has systematically studied the transformation of legacy PFAS 61 
by UV/sulfite treatment, which produces hydrated electron (eaq

−, Equation 1),48-51 a potent species 62 

for reductive hydrodefluorination (Equations 2−3):52,53  63 

SO3
2− → eaq

– + SO3
−•  (1) 64 

C–F + eaq
– → C• + F−  (2) 65 

C• + eaq
– + H+ → C–H (3) 66 

Based on the existing knowledge, the C−Cl bonds in Clx−PFAS are supposed to undergo 67 
hydrodechlorination.54 Initially, we expected that omega-chloroperfluorocarboxylates (ω-68 
ClPFCAs, Cl−CnF2nCOO−) would rapidly yield the omega-hydro analogs (ω-HPFCAs, 69 

H−CnF2nCOO−) and then degrade as previously elucidated (Scheme 1E).55 However, our 70 
experiments with three Clx−PFAS families (ω-ClPFCAs, F-53B, and CTFEOAs) revealed a novel 71 
hydroxylation pathway, which reconstructs the fundamental understanding of Clx−PFAS 72 

degradation. This study fills major knowledge gaps towards solving the global PFAS pollution 73 
challenge: mechanistic elucidation, remediation technology, and fluorochemical design. 74 

 75 

Fig. 1. Time profiles for (A) the degradation and dechlorination of ω-ClPFCAs and for the  76 
defluorination of (B) n=2,4,8 (average) and (C) n=1 ω-ClPFCAs, ω-HPFCAs, and PFCAs. 77 
Reaction conditions: individual PFAS (25 μM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 78 
nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C. 79 

(D) Calculated BDEs of C−F (in black) and C−Cl (in green) bonds of selected [PFAS]− structures 80 
and (E) geometry-optimized structures of [ω-ClPFCA]2−• at the B3LYP-D3(BJ)/6-311+G (2d,2p) 81 
level of theory. 82 
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Degradability of ω-ClPFCAs. We started with the degradation of Cl−CnF2nCOO− (n=1, 83 
2, 4, and 8) using the optimized reaction condition (254 nm UV, 10 mM Na2SO3, pH 12, see 84 
Methods and figure captions for detailed settings). The parent compound decay was completed 85 
within 8 min, accompanied by complete dechlorination (Fig.1A). The rapid Cl− release was 86 

expected because the calculated C−Cl bond dissociation energies (BDEs, 77.3–79.6 kcal mol−1) 87 
are weaker thanC−F bonds (BDE >106 kcal mol−1, Fig.1D). Geometry optimization of [Cl–88 
(CF2)nCOO]2−•, which simulated the reaction between Cl–(CF2)nCOO− and an eaq

–, resulted in 89 
spontaneous C–Cl cleavage (Fig.1E). 90 

The defluorination percentage (deF%) of n≥2 Cl−CnF2nCOO− reached 90−96% within 8 h 91 

(Fig.1B). Compared to the previously studied CnF2n+1−COO− and H−CnF2nCOO−, Cl−CnF2nCOO− 92 
allowed the cleavage of similar numbers of C−F bonds and left the least numbers of residual C−F 93 
bonds (Table 1). The lower deF% values from CnF2n+1−COO− are caused by the one more C−F 94 

bond in the parent structure. The highly recalcitrant residual C−F bonds should exist in isolated 95 
fluorocarbon moieties without directly linking with −COO− (Scheme 1E). For example, 96 
CF3−CH2CH2−COO− (C−F BDE >120 kcal mol−1) showed little reactivity with eaq

–.52,55,56 For n=1 97 

structures, while the defluorination from H−CF2COO− and CF3COO− were nearly 100% within 98 
4−8 h,55 the defluorination from Cl−CF2COO− was up to 96% (Fig.1C). We note that the 4% 99 

disparity was not negligible. Instead, it motivated us to identify a novel reaction pathway promoted 100 
by the Cl atom. 101 

Table 1. DeF% and Number of Cleaved and Residual F Atoms after UV/sulfite Treatment.a 102 
 

RF−COO− 

 

deF% 

(# of cleaved / total F atoms)b 

[# of uncleaved F atoms per molecule]b 

  

RF−COO− 

  

deF% 

(# of cleaved / total F atoms)b 

[# of uncleaved F atoms per molecule]b 

RF  X=Cl 

(ω-ClPFCA) 

X=H 

(ω-HPFCA) 

X=F 

(PFCA) 

 RF X=Cl 
(CTFEOA) 

X=F 
(PFCA) 

X−CF2−
 

(C2) 
96 ± 3.1 

(1.9 ± 0.1/2F) a 

[0.1] 

100 ± 1.3 

(2.0 ± 0.0/2F) 

[0.0] 

100 ± 1.0 

(3.0 ± 0.0/3F) 

[0.0] 

    

X−C2F4−
 

(C3) 
96 ± 0.7 

(3.8 ± 0.0/4F) 

[0.2] 

90 ± 1.1 

(3.6 ± 0.0/4F) 

[0.4] 

72 ± 0.6 

(3.6 ± 0.0/5F) 

[1.4] 

 XCF2−CFXCF2−
 

(C4) 
92 ± 4.7 

(4.6 ± 0.2/5F) 

[0.4] 

85 ± 2.1 
(6.0 ± 0.2/7F) 

[1.0] 

X−C4F8−
 

(C5) 
94 ± 0.4 

(7.5 ± 0.0/8F) 

[0.5] 

94 ± 4.8 

(7.5 ± 0.4/8F) 

[0.5] 

74 ± 1.0 

(6.7 ± 0.1/9F) 

[2.3] 

 XCF2−(CFXCF2)2−
 

(C6) 

93 ± 2.6 

(7.4 ± 0.2/8F) 
[0.6] 

89 ± 2.4 

(9.8 ± 0.3/11F) 
[1.2] 

X−C8F16−
 

(C9) 
90 ± 0.2 

(14.4 ± 0.0/16F) 

[1.6] 

88 ± 2.8 

(14.1 ± 0.5/16F) 

[1.9] 

78 ± 0.7 

(13.3 ± 0.1/17F) 

[3.7] 

 XCF2−(CFXCF2)3−
 

(C8) 
94 ± 3.8 

(10.3 ± 0.4/11F) 

[0.7] 

87 ± 5.8 
(13.1 ± 0.9/15F) 

[1.9] 

aUV/sulfite treatment conditions: PFAS (25 μM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation 103 
(18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, 20 °C, 8 h.  104 
bThe non-interger values are expected because of multiple degradation pathways. 105 

Hydrochlorination Is Not the Primary Pathway. Although previous studies on 106 
UV/sulfite treatment of Cl−CH2−COO− 57 and F-53B54 have confirmed the hydrodechlorination 107 
pathway, our transformation products (TP) analysis found novel information. After the reductive 108 
dechlorination of ω-ClPFCA (Equation 4), the omega carbon radical can be hydrogenated to yield 109 

ω-HPFCA (Fig.2A and Equation 3).  110 

C–Cl + eaq
– → C• + Cl− (4) 111 

However, from 25 μM of Cl–C4F8COO−, the maximum concentration of H–C4F8COO− 112 

was merely 0.66 μM at 4 min (Fig.2B). At this time point, the rapid dechlorination of Cl–113 
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C4F8COO− had just finished (Fig.1A), while the much slower defluorination had not proceeded to 114 
a significant level. Similarly, 25 μM of Cl–C8F16COO− yielded a maximum of 0.59 μM of H–115 
C8F16COO− at 4 min (Fig.2C). For short-chain ω-ClPFCAs, we raised the initial concentration for 116 
10-fold to facilitate the TP detection. From 250 μM of Cl−CF2COO− and Cl–C2F4COO−, the 117 

maximum concentration of the corresponding products, H−CF2COO− and H–C2F4COO−, were 3.7 118 
μM at 60 min and 2.7 μM at 30 min, respectively (Figs.2D and E). Therefore, only a small fraction 119 
of the parent ω-ClPFCAs were converted to the corresponding ω-HPFCAs.  120 

In an early study on Cl−CH2COO− degradation by UV/sulfite,57 the radical intermediate 121 
•CH2COO− reacted with SO3

−• to yield −O3S−CH2COO− and dimerized to yield 122 
−OOCCH2−CH2COO−. Similarly, our experiments with 250 µM of Cl−CF2COO− yielded –123 
O3S−CF2COO– at the maximum concentration of 70 µM (28%) at 0.5 h (Fig.2D). Longer-chain 124 
n=2,4,8 –O3S−(CF2)nCOO– from the corresponding Cl−(CF2)nCOO– could not be quantified 125 

because analytical standards were not available. However, the high peak areas of those TPs 126 
(107−108) suggest that their abundance were not trivial. At least 19−41% of the parent 127 
Cl−CnF2n−COO− was converted to the dimer product −OOC−C2nF4n−COO−. The significant 128 

formation of sulfonated and dimerized TPs further confirms the generation of •CF2−(CF2)n–1COO− 129 
radical upon reductive dechlorination by eaq

– (Equation 4 and Fig.2A). 130 

 131 

Fig. 2. (A) General transformation pathways after reductive dechlorination of ω-ClPFCAs; (B−F) 132 
time profiles of TPs from n=1,2,4,8 ω-ClPFCAs and −O3S−CF2−COO−; (G) degradation and 133 
defluorination of −O3S−CF2−COO−. Reaction conditions: individual PFAS (25 or 250 μM, as 134 
indicated), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg 135 
lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C. 136 
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 Unexpected Hydroxylation Pathway. During the investigation of dicarboxylate TPs, we 137 
also found the unexpected −OOC−(CF2)n–1COO−, which had the same number of carbon as the 138 
parent Cl−(CF2)nCOO–. Moreover, the maximum concentration corresponded to 11−39 % of the 139 
parent n=2,4,8 ω-ClPFCAs (Figs.2B, C, E). The treatment of 250 µM of Cl−CF2COO− yielded 140 
−OOC−COO− at the maximum concentration of 15.7 µM (6.3%) at 1 h (Fig.2D). However, 141 
UV/sulfite treatment of H−CF2−(CF2)n–1COO− could not produce −OOC−(CF2)n–1COO−. Although 142 
−O3S−(CF2)nCOO− and dimeric −OOC−(CF2)2n−COO− may produce small amounts of 143 
−OOC−(CF2)n–1COO− via reductive C−S bond cleavage52 and sequential decarboxylation,53 144 
respectively, they were not the primary source of −OOC−(CF2)n–1COO−. For example, the 145 

maximum −OOC−COO− concentration from 250 µM of pure –O3S−CF2COO– was only 5.4 µM, 146 
much less than that from 250 µM of Cl−CF2COO−. From 250 µM of pure –OOC−(CF2)2COO–, 147 
the formation of −OOC−COO− (after two rounds of decarboxylation) was not detected.  148 

Because direct oxidation of all Clx−PFAS with HO• resulted in negligible defluorination 149 
(Table S1), the degradation of Clx−PFAS required the reaction with eaq

–. We propose that after 150 
reductive dechlorination of Cl−(CF2)nCOO–, the •CF2–(CF2)n−1COO– intermediate could react 151 

with a HO• to yield unstable perfluorinated alcohol,58 which spontaneously evolves into 152 
−OOC−(CF2)n–1COO− (Fig.2A). Further degradation of such TPs was also confirmed (Tables S2 153 

and S3). Because HO• is present in UV/sulfite system,59,60 we added methanol to scavenge HO•.61 154 
As expected, the yield of −OOC−(CF2)n–1COO− was lowered, and the production of 155 
H−(CF2)nCOO– was increased (Fig.S1). However, the overall deF% from Cl−(CF2)nCOO– were 156 

not impacted because (i) methanol is not a significant scavenger of eaq
– and (ii) ω-HPFCAs and 157 

perfluorodicarboxylates (PFdiCAs) allowed the same number of C−F bonds to be cleaved by 158 

UV/sulfite treatment.55 The reactivity of –O3S−(CF2)nCOO– is assumed to be similar to 159 
H−(CF2)nCOO– or F−(CF2)nCOO–.  160 

Mass Balance Analysis. Because most TPs from Cl−CF2COO− are quantifiable with 161 
standard chemicals and the n=1 structure limited the number of reaction sites, we were able to 162 

close 94% of the total F balance at 30 min (Fig.2D). This value is the highest F mass balance we 163 
have ever achieved from UV/sulfite treatment of PFAS. Therefore, we propose that the four 164 
pathways (hydrogenation, sulfonation, dimerization, and hydroxylation) could represent the major 165 

degradation pathways upon the dechlorination by eaq
–. Both –O3S−CF2COO– (Fig.2G) and 166 

H−CF2COO– allowed 100% defluorination by UV/sulfite treatment, whereas −OOC−(CF2)2COO− 167 

allowed up to 83% defluorination.55 Therefore, the incomplete defluorination (96%, Fig.1C) of 168 
Cl−CF2COO− can be attributed, at least partially, to the dimerization pathway. More importantly, 169 

the experimental results have shown that (i) the previously reported hydrodechlorination is the 170 
least preferred reaction pathway among the four and (ii) oxidative species such as HO• are playing 171 
significant roles in the UV/sulfite system. However, detailed mechanistic eludication for the 172 

oxidative species warrants further studies. A complete set of degradation pathways for long-chain 173 
and perfluorinated structures remain largely unknown. Our lab is investigating that aspect and will 174 
report the findings in the near future. 175 

New Mechanistic Insights into F-53B Degradation. Similar to ω-ClPFCAs, the ether 176 

sulfonate F-53B exhibited rapid and complete dechlorination within 6 min (Fig.3A) and 73% 177 
defluorination at 12 h (Fig.3B). The trend of calculated C−F and C−Cl BDEs (Fig.3G) in F-53B 178 
versus its hydro- and perfluorinated analogs is similar to the all-carbon-chain structures (Fig.1D). 179 
The spontaneous C−Cl cleavage from [Cl−(CF2)6O(CF2)2SO3]

2−• (Fig.3G) supports the reductive 180 
dechlorination mechanism. Like ω-ClPFCA, F-53B yielded H−(CF2)6O(CF2)2SO3

− (structure a in 181 
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Fig.3H), −O3S−(CF2)6O(CF2)2SO3
− (b), and −OOC−(CF2)5O(CF2)2SO3

− (c) (Fig.3C). The 182 
dimerized structure exceeded the molecular weight limit we set for suspect TP detection. A series 183 
of shorter-chain TPs, −OOC−(CF2)nO(CF2)2SO3

− (n=4,3,2,1, structures d−g in Fig.3H), showed 184 
decreasing abundance as the −(CF2)n− moiety became shorter (Fig.3D). Because we did not detect 185 

any shorter-chain F-53B analog impurities (i.e., n=1−5 Cl−(CF2)nO(CF2)2SO3
−) in the t=0 sample, 186 

the shorter-chain −OOC−(CF2)nO(CF2)2SO3
− TPs d−g most probably came from the stepwise 187 

decarboxylation52 from c (Fig.3H). Notably, all carboxylate TPs became non-detectable after 4 h 188 
(Fig.3D), whereas significant defluorination continued to 8 h (Fig.3B).  189 

 190 

Fig. 3. Time profiles of (A) parent structure decay and dechlorination, (B) defluorination, and 191 
(C−F) transformation products of F-53B. Reaction conditions: F-53B (25 μM), Na2SO3 (10 mM), 192 

carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous 193 
solution), pH 12.0, and 20 °C. (G) Calculated BDEs of C−F and C−Cl of F-53B and structure 194 
analogs and the geometry-optimized structure of [Cl−(CF2)6O(CF2)2SO3]

2−• at the B3LYP-195 
D3(BJ)/6-311+G (2d,2p) level of theory. (H) Proposed reaction scheme. HRMS-detected TPs are 196 
assigned with letters. (I) Reactivity comparison with other perfluorinated sulfonate structures. 197 
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In comparison to c−g, the hydrogenated TP a and sulfonated TP b degraded much slower 198 
(Fig.3E). A previous study proposed that the reaction between a and eaq

– triggered C−O cleavage.54 199 
However, our experimental results led to a different interpretation. First, if C−O cleavage occurred 200 
in a, the short moiety •(CF2)2SO3

− (or •O(CF2)2SO3
−) would evolve into −OOC−CF2SO3

− (h) via 201 

the unstable HO(CF2)2SO3
−.62 Although h was detected as a significant TP (Fig.3F), its abundance 202 

became negligible after 4 h, when a major fraction of a still remained (Fig.3E). Thus, the formation 203 
of h from a is less likely.  204 

Second, although spontaneous C−O cleavage has been confirmed from the reaction 205 
between perfluoroether carboxylates (PFECAs) and eaq

–,62 we wondered whether this mechanism 206 

applies to perfluoroether sulfonates (PFESAs). Thus, we tested a short-chain model, CF3CF2–O–207 
(CF2)2–SO3

–. To our surprise, this C2+C2 PFESA did not show any decay or defluorination. This 208 
result differs entirely from short-chain PFECAs that exhibited rapid decay and significant 209 

defluorination.62 Apparently, the C−O cleavage mechanism does not readily occur for PFESA. 210 
Moreover, the previous study on F-53B degradation also reported complete decay and significant 211 
defluorination of F-53 (perfluorinated F–(CF2)6O(CF2)2SO3

–, not available for this study).54 The 212 

relatively facile degradation of C6+C2 PFESA and no reactivity of C2+C2 PFESA resemble the 213 
comparison among n=6, 4, and 1 CnF2n+1–SO3

–.52,56 Lacking a terminal −COO−, the reactivity of 214 

perfluoroalkane sulfonates strongly depends on the fluoroalkyl chain length. PFBS was 215 
substantially more recalcitrant than PFOS, and TFMS did not show any degradation (Fig. 3I).  216 

Third, our previous study on PFECAs has confirmed that C–O cleavage occurred 217 

regardless of how many –CF2– units separate the ether bond and terminal −COO−.62 Therefore, the 218 
−OOC−(CF2)nO(CF2)2SO3

− are the most probable TPs that allow reductive C–O cleavage and thus 219 

produce h as the common TP (Fig.3H). Notably, h allowed 100% defluorination (Fig.2G) as 220 
compared with no degradation of CF3–SO3

–. Therefore, the above results reconstruct the 221 

mechanistic insights into F-53B degradation. The previously unexpected hydroxylation TPs c−g 222 
allow favorable defluorination mechanisms (i.e., decarboxylation and C–O cleavage) and thus a 223 

deep defluorination (Fig.3B).  224 

C−C Bond Cleavage Identified from CTFEOA Degradation. The three CTFEOAs (n=1, 225 
2, 3 Cl−(CF2CFCl)nCF2COO−) underwent rapid decay within 2−4 min (Figs.4A,C,E). Because 226 

each structure contains multiple C−Cl bonds, the complete dechlorination took longer than the 227 
parent compound decay. Calculations found that C−Cl bonds on the secondary carbons (−CFCl−; 228 

65.2−71.9 kcal mol–1, Fig.4G) are weaker than those on the primary carbons (ClCF2−; 75.7−76.1 229 
kcal mol–1). The spontaneous C−Cl bond cleavage upon adding one extra electron (i.e., 230 

[Cl(CF2CFCl)nCF2COO]2–•) occurred on the second carbon counted from the terminal ClF2C− 231 
(Fig.4H). The overall deF% from CTFEOAs (92−94%) were higher than PFCAs (CnF2n+1−COO−) 232 

containing the same number of carbon (85−88%, Figs.4B,D,F). In particular, the defluorination 233 
from CTFEOAs in the first 15 min was much deeper than PFCAs. The difference is more 234 
significant for longer CTFEOAs, which contain more C−Cl bonds. The numbers of residual C−F 235 
bonds in CTFEOAs after treatment were lower than those in PFCAs (Table 1). Moreover, 236 
CTFEOAs reached the maximum deF% within 4 h, half of the time needed for PFCAs 237 

(Figs.4B,D,F).  238 
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 239 

Fig. 4. Time profiles of parent structure decay and dechlorination (A,C,E) and defluorination 240 
(B,D,F) of the three CTFEOAs. The defluorination of the three PFCAs in the same chain lengths 241 
are compared, with the indicated difference at 15 min. Reaction conditions: CTFEOA or PFCA 242 

(25 μM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 nm irradiation (18 W low-pressure Hg 243 
lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C. (G) Calculated BDEs of C−F and C−Cl 244 

of [CTFEOA]− and [PFCA]− structures and (H) geometry-optimized structures of [CTFEOA]2−• 245 
at the B3LYP-D3(BJ)/6-311+G (2d,2p) level of theory.  246 

The hydroxylation mechanism is also evidenced by CTFEOA degradation. We observed 247 
rapid formation of C3 −OOC−CF2−COO− from all three CTFEOAs (Figs.5A−C). The C5 TP, 248 
−OOC−CF2CFCl−CF2−COO−, was also produced from both C6 and C8 parents. The chain-249 
shortened TPs indicate C−C bond cleavage. Upon dechlorination, the hydroxylated carbon is 250 
converted into −COO− accompanied by the C−C bond cleavage, probably in a homolytic pattern 251 

(Fig.5D). Although detailed mechanisms remain elusive and warrant further investigation, similar 252 
phenomenon was reported in a patent in 1961, where the hydrolysis of C4F9−CF(OSO2Cl)−CF3 253 

yielded C4F9−COO− (Fig.5E).38 More importantly, the C3 −OOC−CF2−COO− from C4 CTFEOA 254 
and C5 −OOC−CF2CFCl−CF2−COO− from C6 CTFEOA evidence that the dominating reductive 255 
dechlorination occurred on the relatively weak C−Cl bond (Figs.4G and H). The remaining C−Cl 256 
in the C5 TP can be further cleaved to yield C3 −OOC−CF2−COO− (Fig.5D).  257 

Multiple mono-sulfonated TPs (i.e., with one −Cl replaced by −SO3
−) were also identified, 258 

each with a different retention time in the HPLC column (Fig.S2), indicating that all C−Cl bonds 259 
can be reductively cleaved and the carbon radicals can react with SO3

−• (or other radical species). 260 
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A double hydrogenated product was observed from C4 CTFEOA (Fig.5A), but the attempts to 261 
identify all possible H/Cl exchanged TPs from C6 and C8 CTFEOAs were not successful. This is 262 
probably because the diverse substitutions (e.g., H++eaq

–, SO3
−•, and HO•) upon dechlorination at 263 

multiple carbons significantly lowered the abundance of individual TPs. Despite of the complex 264 

reaction pathway network, we prioritized the focus on filling the remaining 6−8% gap from the 265 
goal of complete defluorination of most Clx−PFAS structures. 266 

 267 

Fig. 5. (A−C) Time profiles of TPs from the three CTFEOAs in the beginning of reactions, (D) 268 
proposed reaction mechanisms and pathways, and (E) a reported reaction for mechanistic 269 
comparison. The carbon atoms involved in characteristic C−C bond cleavage were highlited with 270 

colors. Reaction conditions: CTFEOA (25 μM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 271 
nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C. 272 

Further Defluorination of Clx−PFAS by the Following Oxidation. The sequential 273 
treatment using UV/sulfite followed by heat/persulfate has allowed near-complete defluorination 274 

from most PFCAs and PFSAs.56 After the UV/sulfite treatment, residues containing C−H bonds 275 
allow extensive oxidation so that the isolated CF3− or −CF2− can be hydroxylated and thus 276 

defluorinated. As expected, both SO4
–• (initial pH=2) and HO• (initial pH>12) were capable of 277 

cleaving residual C−F bonds and resulted in 99−103% overall deF% of all four ω-ClPFCAs and 278 
three CTFEOAs (Table 2, entries 1−7). The exception is F-53B (entry 8), where the following 279 
oxidation brought deF% from 76% (after UV/sulfite for 24 h) to 93%. We attribute the incomplete 280 
defluorination to recalcitrant structures containing long fluoroalkyls, such as 281 

H−(CF2)6O(CF2)2SO3
−, which remained in a significant abundance at 24 h (Figs.3E and H). 282 

Oxidation using either SO4
–• or HO• could only trigger very limited defluorination from oxidizing 283 

the terminal C−H bond.55 284 
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We further examined the potential formation of the toxic byproduct chlorate (ClO3
−)63,64 285 

from Cl−, both a ubiquitous water component and the Clx−PFAS dechlorination product. The SO4
–286 

• treatment of Clx−PFAS defluorination residues oxidized a small portion of Cl− into ClO3
− (Table 287 

2). In the absence of organic residues from Clx−PFAS defluorination, the yield of ClO3
− from the 288 

same concentration of Cl− was elevated (entry 9 versus entries 1−4, and 8). In sharp contrast, the 289 
use of HO• in all cases produced negligible ClO3

−, if any (lower than the detection limit). 290 

Table 2. Defluorination and Chlorate Formation by Oxidative Treatment.a 291 
entry UV/sulfite residueb  

or NaCl solution 

[Cl–] 

(µM) 

 oxidation with HO•  oxidation with SO4
–• 

 deF% ClO3
– (µM)  deF% ClO3

– (µM) 

1 Cl−CF2−COO− 25  101 ± 0.5 < 0.1c  101 ± 0.2 0.7 ± 0.1 

2 Cl−C2F4−COO− 25  100 ± 0.7 < 0.1  101 ± 1.6 0.5 ± 0.1 

3 Cl−C4F8−COO− 25  103 ± 1.7 < 0.1  103 ± 2.2 0.5 ± 0.1 

4 Cl−C8F16−COO− 25  99 ± 0.5 < 0.1  100 ± 1.4 0.4 ± 0.1 

5 ClCF2−CFClCF2−COO−  50  100 ± 1.5 < 0.1  100 ± 0.9 1.4 ± 0.4 

6 ClCF2−(CFClCF2)2−COO− 75  102 ± 0.7 < 0.1  103 ± 2.0 2.2 ± 0.2 

7 ClCF2−(CFClCF2)3−COO− 100  103 ± 1.0 < 0.1  101 ± 0.3 3.0 ± 0.1 

8 ClC6F12−O−C2F4−SO3
− 25  93 < 0.1  94 0.4 

9 25 µM NaCl 25  - < 0.1  - 1.4 ± 0.1 

10 500 µM NaCl 500  - < 0.1  - 143.6 ± 6.3 
aOxidative post-treatment conditions: K2S2O8 (5 mM), initial pH adjusted to 12.3 by NaOH for the 292 
dominance of HO• or adjusted to 2.0 by H2SO4 for the dominance of SO4

–•, 120 °C, 40 min. 293 
bUV/sulfite treatment conditions: PFAS (25 μM), Na2SO3 (10 mM), carbonate buffer (5 mM), 254 294 
nm irradiation (18 W low-pressure Hg lamp for 600 mL of aqueous solution), pH 12.0, and 20 °C, 295 
8 h (for ω-ClPFCAs and CTFEOAs) or 24 h (for F-53B). 296 
cThe detection limit by ion chromatography is 0.1 µM.  297 

Implications for Environmental Remediation. Early patents on numerous Clx−PFAS 298 

products for various applications and recent reports on worldwide detection of diverse Clx−PFAS 299 
pollutants suggest broad impacts of this “old but novel” chloro-fluoro-chemical family. Our 300 

experimental results evidence a hydroxylation pathway upon reductive dechlorination by eaq
–. This 301 

unexpected mechanism outweighs the existing knowledge of hydrodechlorination and is highly 302 

beneficial to environmental remediation. First, hydroxylation of a fluorinated carbon triggers 303 
spontaneous conversion into a −COO− (Figs.2A, 3H, and 5D). Perfluorinated carboxylates have 304 
the highest degradability among all reported PFAS pollutants.52,56 Second, a C−Cl bond integrated 305 

into sulfonate-terminal PFAS will substantially enhance the degradability by introducing −COO−. 306 
This feature is particularly important for degrading non-carboxylate short-chain structures (Fig.2G 307 

versus 3I). Third, the reductive C−O cleavage pathway, which is critical for deep defluorination 308 
of ether structures, is exclusive for carboxylates (Fig.3H). Fourth, the comparison of defluorination 309 
kinetics for CTFEOAs versus PFCAs (Table 1 and Figs.4B, D, F) suggests that the inclusion of 310 

multiple C−Cl bonds can reduce the UV energy consumption by at least 50%. In addition, even if 311 
a small portion of C−Cl bonds were converted into C−H bonds, our previous study has shown that 312 
ω-HPFCAs favor the desirable decarboxylation pathway for defluorination over PFCAs.55 313 

Implications for PFAS Chemical Design. In the real world, PFAS chemicals cannot be 314 

immediately phased out from all fields due to their unique properties for a broad scope of 315 
applications.65 The fluorine-free replacements could even result in a higher toxicity.66 For the 316 
future design, manufacturing, and management of specialty PFAS products, it would be imperative 317 
to enhance the degradability without sacrificing the desirable property. The inclusion of one or 318 
more Cl atoms in the PFAS structure could be a potential solution. Earlier works have 319 
demonstrated that the negative impact of replacing a F atom with a Cl atom on surfactant properties 320 
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can be offset by flexible molecular designs.22,41 This proof-of-concept study also verifies that the 321 
use of 254 nm UV, sulfite, hydroxide, and persulfate (or other common chemicals and approaches 322 
producing HO•), all of which are essential components of practical water and wastewater 323 
treatment,67 can achieve near 100% defluorination of various Clx−PFAS with minimized formation 324 

of toxic byproducts. This study has thus demonstrated, from the perspective of chemistry, that the 325 
synergy of environmental-friendly PFAS design and cost-effective PFAS degradation 326 
technologies can achieve the balanced environmental sustainability of fluorochemicals. 327 

Methods. 328 

Chemicals. ω-ClPFCAs (Cl−CnF2n−COOH; n=1,2,4,8), CTFEOAs 329 

(Cl−(CF2CFCl)n−CF2−COOH; n=1,2,3), F-53B (Cl−C6F12−O−C2F4−SO3K), perfluoro(2-330 
ethoxyethane)sulfonic acid (C2F5−O−C2F4−SO3H), and 2-(fluorosulfonyl)difluoroacetic acid 331 

(FO2S−CF2−COOH) were obtained in bulk quantities (i.e., 0.1–5 g) and used as received. All acids 332 
were prepared into 10 mM stock solutions by mixing with excess NaOH (20 mM) for 333 
deprotonation. The solution of 25 µM FO2S−CF2−COOH was hydrolyzed into −O3S−CF2−COO− 334 
at 20 °C and pH 12 overnight.68 The information on CAS numbers, purities, and vendors are listed 335 

in the Supplementary Information (SI). Sodium sulfite (Na2SO3), sodium bicarbonate (NaHCO3), 336 
sodium hydroxide (NaOH), potassium persulfate (K2S2O8), and sulfuric acid (H2SO4) were 337 

purchased from Fisher Chemical. 338 

UV/sulfite Treatment. The reactor configuration52,53,56 and photochemical parameters69 339 
have been established in our previous studies. Briefly, a 600 mL aqueous solution containing 25 340 

μM individual PFAS, 5 mM NaHCO3, and 10 mM Na2SO3 was loaded into the photoreactor 341 
(assembled with Ace Glass parts #7864-10, #7874-38, and #7506-14, and wrapped with aluminum 342 

foil). The solution was irradiated by an 18 W low-pressure mercury lamp (GPH212T5L/HO) 343 

placed in the quartz immerse well. The temperature was maintained at 20 °C by the jacketed 344 

cooling water. Prior to the reaction, N2 sparging was not needed52 because the initially dissolved 345 
oxygen (up to 0.25 mM at the saturated level at room temperature) was readily depleted by 346 

sulfite.70 All three outlets of the photoreactor were sealed with rubber stoppers to prevent air 347 
intrusion.  348 

Subsequent Oxidation by Heat/persulfate. After UV/sulfite treatment, the 30 mL 349 

aliquots of the resulting solution were amended with 5 mM K2S2O8 and added with either H2SO4 350 
to pH 2.0 or with 12.5 mM NaOH to pH ~12.4. The solutions were loaded in glass reaction tubes 351 
and heated at 120 °C for 40 min in a pressure cooker (Farberware 6 Quart).56 Thermal 352 
decomposition of S2O8

2− yielded two equivalents of sulfate radical (SO4
−•). The SO4

−• is preserved 353 

at pH 2.0 or fully converted into a hydroxyl radical (HO•) at pH>12.71 Since the 1960s, thermal 354 

digestion of environmental samples using S2O8
2− has been extensively adopted72-74 due to its high 355 

efficiency in mineralizing organic structures. Our proof-of-concept studies have used this approach 356 
to probe the “upper limit” of oxidative conversion of PFAS.55,56  357 

Sample Analyses. Fluoride ion (F–) release was measured by a Fisherbrand accumet solid-358 
state ion-selective electrode connected to a Thermo Scientific Orion Versa Star Pro meter. This 359 
method has been validated by ion chromatography (IC)52 and solution matrix spiking tests.56 360 

Chloride ion (Cl–) release was measured by IC. The percentages of defluorination (deF%) and 361 
dechlorination (deCl%) are defined as the ratios between released F–/Cl– and total F/Cl in the 362 
parent Clx−PFAS. A liquid chromatography high-resolution mass spectrometer (LC-HRMS) was 363 

used to (i) quantify parent PFAS and transformation products (TPs) that have pure chemicals as 364 
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the analytical standards and (ii) screen TPs without analytical standards. Very short-chain PFAS, 365 
including chlorodifluoroacetate (Cl−CF2COO−), difluoroacetate (H−CF2COO−), and oxalate 366 
(−OOC−COO−), were quantified by IC. Detailed operation conditions and procedures for IC and 367 
LC-HRMS are described in the SI. 368 

Theoretical Calculations. Density functional theory (DFT) calculations on C–F and C–Cl 369 
bond dissociation energies (BDEs) in the deprotonated [Clx−PFAS]− and the optimized structure 370 
with an added eaq

– (i.e., [Clx−PFAS]2−•) followed our previous approach.52,62,75 Results from these 371 
approaches have been consistent with those from condensed Fukui Function in terms of predicting 372 
the site of reductive PFAS transformation.55 373 
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