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ABSTRACT 11 

Per- and polyfluoroalkyl substances (PFAS) are highly recalcitrant pollutants in the water 12 
environment worldwide. Aqueous film-foaming foam (AFFF) for fire-fighting is a major source 13 
of PFAS pollution. However, complete defluorination (i.e., cleaving all C−F bonds into F− ions) 14 
of PFAS by a non-thermal technology is rare. The destruction of the PFAS mixture in the complex 15 
organic matrix of AFFF is even more challenging. In this study, we designed and demonstrated a 16 
UV/sulfite−electrochemical oxidation (UV/S−EO) process. The tandem UV/S−EO leverages the 17 
complementary advantages of UV/S and EO modules in (i) PFAS transformation mechanism and 18 
(ii) engineering process design (e.g., foaming control, chemical dosage, and energy consumption). 19 
At ambient temperature and pressure, The UV/S−EO realized near-complete defluorination and 20 
mineralization of most PFAS and organics in AFFF (50−500x diluted, containing up to 200 mg 21 
L−1 organic fluorine and >4000 mg L−1 organic carbon). This work highlights the integration of 22 
molecular-level insight and engineering design toward solving major challenges of AFFF water 23 
pollution and stockpile disposal.     24 
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Aqueous film-foaming foam (AFFF) for the suppression of fuel fire is a major cause of the 25 
widespread and heavy water environment pollution by per-and polyfluoroalkyl substances 26 
(PFAS).1-6 While substantial efforts have been taken for groundwater remediation, a proactive 27 
solution is to contain further PFAS pollution via safe disposal of AFFF stockpiles and 28 
decontamination of wastewater from fire-fighting system cleaning.7, 8 The ideal treatment goal is 29 
the complete defluorination of all PFAS in AFFF. However, only hydrothermal approaches have 30 
achieved near-complete defluorination of AFFF under supercritical (e.g., 590 °C, 237 atm, 0.1 M 31 
KOH, 1 min for 1:100 diluted AFFF)9 and subcritical conditions (e.g., 350 °C, 163 atm, 5 M 32 
NaOH, 30 min for 1:2 diluted AFFF).10, 11 Therefore, a non-thermal and cost-effective technology 33 
for complete PFAS defluorination is still highly desirable.  34 

Although the information on AFFF ingredients remains largely proprietary, the PFAS-35 
based surfactants are generally composed of a fluoroalkyl moiety (RF) and an organic moiety 36 
(RO).12-14 The two moieties are connected by either sulfonamide (RF−SO2NH−RO) or hydrocarbon 37 
telomer linkers (RF−(CH2)m−RO). From the perspective of chemical degradation, most such 38 
surfactants can be hydrolyzed or partially oxidized into perfluoroalkane sulfonates (PFSAs, 39 
CnF2n+1−SO3−), perfluorocarboxylates (PFCAs, CnF2n+1−COO−), and fluorotelomer acids (FTs, 40 
CnF2n+1−(CH2)m−X). However, most non-thermal technologies reported to date cannot achieve 41 
complete defluorination of all PFAS structures. The degradability of individual PFAS depends on 42 
the specific molecular structure, particularly the end functional group and fluoroalkyl chain 43 
length.15, 16 For example, the homogeneous ultra-violet/sulfite (UV/S) treatment shows low 44 
efficiency in destroying short-chain FTs and PFSAs due to their low intrinsic reactivity with 45 
hydrated electrons (eaq−).17, 18 The heterogeneous plasma treatment is not good at destroying short-46 
chain PFAS because they do not accumulate at the reactive gas-liquid interface.16, 19 Previously 47 
reported heterogeneous electrochemical oxidation (EO) treatment also exhibited various mass 48 
transfer and reactivity limitations in destroying individual PFAS structures.20-22 The rich contents 49 
of organic solvents and hydrocarbon surfactants in AFFF further challenge the efficacy and 50 
efficiency of the PFAS destruction systems.23  51 

Building upon the insights into both UV/S and EO technologies, we developed a UV/S−EO 52 
tandem process to maximize the strength and overcome the limitation of each module. At ambient 53 
temperature and pressure, the UV/S−EO treatment achieved ~100% defluorination efficiency 54 
(DeF) of various individual PFAS chemicals and the mixed PFAS in diluted AFFF (1:50−1:500, 55 
corresponding to 20−200 mg L−1 of total fluorine). In this report, we present the process design 56 
rationales, demonstrate the system performance, and elucidate the reaction mechanisms. The 57 
findings provide a widely applicable solution for mineralizing mixed PFAS in various water 58 
treatment scenarios.   59 

Process Design Rationales. 60 

Our previous studies have revealed that UV/S is highly effective in destroying long-chain 61 
PFCAs and PFSAs (n>4 for the CnF2n+1− moiety) but sluggish for short-chain (n≤4) PFSAs and 62 
FTs.17 Moreover, UV/S treatment alone cannot achieve complete defluorination for most 63 
structures. One of the major pathways, reductive hydrodefluorination (i.e., C−F + 2 eaq− + H+ → 64 
C−H + F−), can generate segregated fluorocarbons moieties (e.g., CF3−CH2−X). The high C−F 65 
bond dissociation energy and the lack of favorable neighboring groups (e.g., −COO−) prevent 66 
further defluorination. In a proof-of-concept study, post-oxidation of the UV/S treated residues 67 
achieved near-complete overall defluorination for most PFAS.18, 24 For practical engineering, the 68 

https://doi.org/10.26434/chemrxiv-2023-kzqcg ORCID: https://orcid.org/0000-0003-3767-8029 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-kzqcg
https://orcid.org/0000-0003-3767-8029
https://creativecommons.org/licenses/by/4.0/


3 
 

oxidative power must be delivered by a cost-effective technology (e.g., EO) rather than heat-69 
activated persulfate oxidation. EO with the boron-doped diamond (BDD) electrode has 70 
demonstrated effective destruction of a wide range of PFCAs, PFSAs, and FTs, with a robust 71 
performance in various water matrices and a lower sensitivity to PFAS structures than UV/S.20, 25, 72 
26 However, direct application of EO on individual PFAS or diluted AFFF did not achieve 73 
complete defluorination (see the next section). It appears that UV/S and EO mechanistically 74 
complement each other toward complete defluorination. 75 

To probe the suitability of integrating UV/S and EO, we conducted a density functional 76 
theory (DFT) based calculation to compare the oxidizability of PFOA anion (C7F15−COO−) and 77 
its representative hydrodefluorinated product after UV/S treatment, C7F14H−COO−. The 78 
calculation adopted the Marcus theory to estimate the activation enthalpy of these two structures 79 
to lose one electron, which simulates the PFAS destruction via direct electron transfer to the 80 
anode.27, 28 The results indicate that C7F14H−COO− is more vulnerable to EO than PFOA as the 81 
activation enthalpy profile moves toward lower anodic potentials (Text S1 and Fig.S1). In contrast, 82 
the C7F14H−COO− degradation under UV/S treatment was much slower than PFOA.17, 18 Therefore, 83 
the tandem UV/S−EO treatment train is mechanistically favorable. 84 

Besides the molecular-level insights, a series of process engineering considerations also 85 
consolidate the system design that places UV/S before EO. If EO is placed before UV/S, the direct 86 
treatment of perfluorinated structures can generate short-chain PFCA products that UV/S cannot 87 
achieve 100% defluorination. Second, EO treatment often generates dissolved oxygen, oxyanions, 88 
and even free chlorine, consuming sulfite in the following UV/S. Third, EO treatment of diluted 89 
AFFF generates high and dense foams that can incur various operational challenges (Fig.S2). But 90 
the UV/S−EO layout effectively addresses the foaming issues (to be highlighted in the following 91 
content). Fourth, Na2SO3 added in UV/S can be an electrolyte and source of sulfate radicals in the 92 
downstream EO treatment, thus minimizing chemical consumption. 93 

Novel Structure-Defluorination Relationships in EO Treatment. 94 

We used BDD, the gold-standard EO electrode material, to treat the diverse PFAS and 95 
organics in AFFF. This study used a plate-type microcrystalline BDD electrode (16 cm2; Fig. S3a) 96 
with dopant densities of 3×1020 boron atoms cm−3.29 The potential concerns about byproduct 97 
formation are addressed in the last section. The first step was to systematically probe the structure-98 
defluorination relationship for AFFF-relevant PFAS, including n=1−8 CnF2n+1−COO− (PFCA), 99 
n=4,6,8 CnF2n+1−SO3− (PFSA), and n=4,6,8 CnF2n+1−CH2CH2−SO3− (FTS). The BDD EO 100 
treatment showed excellent performance for all structures. Except for C4F9−SO3− (perfluorobutane 101 
sulfonate, PFBS), most PFAS showed complete parent structure degradation within 2 h (Fig.1a,b). 102 
Because no aqueous radicals (e.g., HO• and SO4−•) can react with CnF2n+1−SO3−, the degradation 103 
must have been initiated by the direct electron transfer from PFAS molecule to BDD electrode 104 
surface (i.e., a heterogeneous process). Thus, the slower degradation of the shorter PFSA (Fig.1b) 105 
can be attributed to the higher solubility in water. However, the same trend of mass transfer 106 
limitation was not observed on short-chain n=1−4 CnF2n+1−COO− because EO can generate 107 
aqueous SO4−• from sulfate-containing electrolytes.30, 31 SO4−• can also initiate PFCA degradation 108 
by decarboxylation.24, 30  109 

The EO treatment achieved deep defluorination (i.e., 60−100%) for all PFAS structures. 110 
We also observed several interesting trends. For PFCAs, n=1,2,4,6 allowed significantly higher 111 
defluorination than n=3,5,7,8 (Fig.1c). For PFSAs and FTSs, n=4 and 6 of both categories allowed 112 
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near complete defluorination, whereas the two n=8 structures are defluorinated by 65% (Fig.1d). 113 
These disparities suggest that the reaction mechanisms go beyond the previously known “zipping-114 
off” mechanism, where the removal of terminal functional groups (i.e., −COO−, −SO3−, and 115 
−CH2CH2−SO3−) exposes the RF−CF2• for stepwise defluorination of the two C−F bonds and 116 
oxidation of the carbon into CO2 (Fig.1e).32, 33 The odd/even number of −CF2− in PFCAs appears 117 
to have interesting effects on the gap from 100% defluorination (<10% for n=2,4,6 versus >20% 118 
for n=3,5,7 CnF2n+1−COO−). It is also very interesting to observe the much lower defluorination 119 
from all three n=8 structures than their n=2 and 4 analogs. Elucidating the underlying mechanisms 120 
go beyond the scope of this work but definitely warrants further study. 121 

 122 
Fig. 1. Parent compound degradation and defluorination of (a+c) n=1−8 PFCA, (b+d) n=4,6,8 123 
PFSA and FTS by EO treatment and the previously known “zipping-off” pathway. Reaction 124 
conditions: individual PFAS (25 µM, except 1000 µM for TFA for the ease of F− measurement) 125 
spiked in 20 mL water with 100 mM Na2SO4 as electrolyte; current density of 15 mA/cm2 applied 126 
to a 16 cm2 BDD anode. Data are presented as mean values of triplicates ± standard deviation. 127 

For the degradation of individual PFAS structures, EO has an overwhelming advantage 128 
over UV/S. The strongly oxidative environment rapidly destroyed n=4 FTS and achieved >95% 129 
defluorination. But this compound is highly recalcitrant under UV/S18, 24 because the short C4F9− 130 
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moiety segregated by the −CH2CH2− linker does not have a weak C−F bond for easy defluorination 131 
by eaq−.17 This experimental finding corroborates the insights from the DFT calculation discussed 132 
in the earlier section. Moreover, in comparison to UV/S, EO achieved much faster (10 h versus 133 
>24 h) and deeper (~100% versus 78%) defluorination of PFBS.18, 24 Hence, EO has higher 134 
tolerance with short-chain PFAS than two other heterogeneous technologies- plasma and 135 
sonication- both encountered challenges from PFBS (C4F9−SO3−) and PFBA (C3F7−COO−).34, 35  136 

Based on the above experimental findings, we hypothesized that EO could be placed after 137 
UV/S to obtain the best treatment result for multiple reasons. First, EO can achieve ~100% 138 
defluorination of n≤4 short-chain FTs and PFSAs, which are much more sluggish under UV/S 139 
treatment. Second, although EO cannot achieve 100% defluorination from n=3,5,7,8 PFCA, UV/S 140 
can rapidly defluorinate these structures by 82−93%. The remnant C−F bonds are in the recalcitrant 141 
H-rich residues after UV/S. But these residues are ideal substrates for EO destruction. Third, 142 
although EO cannot achieve 100% defluorination from n=8 PFSA and FTS, UV/S provides 143 
efficient conversion of weak C−F bonds in the long C8F17− moiety to C−H, or cleave the middle 144 
C−C bonds to yield shorter-chain FT products,17 which appear to be ideal substrates for 100% 145 
defluorination by EO. 146 

UV/S−EO treatment of Individual PFAS Compounds.  147 

 148 

Fig. 2. UV/S−EO degradation and defluorination of (a) PFOA, (b) PFBA, and (c) PFOS. Reaction 149 
conditions for UV/S: individual PFAS (25 µM) spiked in 750 mL of water, 10 mM Na2SO3, and a 150 
16 W low-pressure Hg lamp. The following EO treatment used the same conditions described in 151 
the caption of Fig. 1. Data are presented as mean values of triplicates ± standard deviation. 152 

To validate the hypotheses above, we developed a primitive UV/S−EO layout to treat 153 
PFOS, PFOA, and PFBA, all of which are representative PFAS and could not be 100% 154 
defluorinated by EO (Fig.1). In the first stage of UV/S treatment, PFOA and PFBA were 155 
completely removed within 30 min (Fig.2a,b). After the parent PFCAs quickly disappeared, the 156 
defluorination from the transformation products continued. In previous studies, the maximum 157 
defluorination from PFCAs under the same UV/S condition took 4−8 h.36 However, for the 158 
UV/S−EO layout, we arbitrarily stopped the UV/S treatment after 2−3 h when the increase of 159 
defluorination became sluggish. For the more recalcitrant PFOS under UV/S treatment, the 160 
defluorination accompanied the parent compound removal.24 We stopped UV/S when most parent 161 
PFOS disappeared at 5 h (Fig.2c). The following EO treatment increased defluorination to 100% 162 
for all three PFAS. 163 
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 164 
Fig. 3. Evolution of detected transformation products during the UV/S−EO treatment of 25 µM 165 
PFOA: (a) short-chain (SC) PFCAs and (b) non-target analysis of hydrodefluorinated products. 166 
Data are presented as mean values of triplicates ± standard deviation. (c) Formation pathways for 167 
representative products. 168 

Transfomration product (TP) analyses verified our mechanistic hypotheses. The UV/S 169 
treatment of n=7 PFOA generated a series of shorter-chain n=1−6 PFCAs (Fig.3a) as quantified 170 
by a triple-quadrupole mass spectrometer (QQQ MS/MS). These PFCAs are attributed to the well-171 
known decarboxylation17 and a recently identified C−C bond cleavage mechanism.37 The UV/S 172 
treatment removed most of the PFCA TPs within 3 h. Quadruple time-of-flight high-resolution 173 
mass spectrometer (Q-ToF-HRMS) found a series of hydrodelfuorination products (Fig.3b) from 174 
the parent PFOA (C8F15O2−) and the chain-shortened PFHpA (C7F13O2−). The MS peaks for 175 
C8HF14O2− and PFHpA showed similar abundance, indicating that the two transformation 176 
pathways proceeded in parallel and were equally significant (Fig.3c). The UV/S degradation of 177 
hydrofluorinated TPs, such as C8HF14O2− and C8H2F13O2−, were much slower than the 178 
perfluorinated PFOA (Fig.3b versus Fig.2a). The detection of deeply hydrodefluorinated TPs (e.g., 179 
C8H12F3O2− and C7H10F3O2−) is consistent with the previous study using a different photoreactor 180 
setting and a quadrupole Orbitrap HRMS instrument.38 The three residual C−F bonds with high 181 
recalcitrance against UV/S were most probably on the terminal CF3−. The switch to EO mode 182 
generated short-chain PFCAs again (Fig.3a) from various hydrodefluorinated TPs. The sharp 183 
increase of TFA suggested that hydrodefluorination by UV/S occurred on carbon atoms near the 184 
terminal CF3−. With the extension of EO treatment, all PFCA TPs (Fig.3a) and hydrodefluorinated 185 
TPs (Fig.3b) were destroyed to negligible concentrations, as evidenced by the defluorination to 186 
~100% (Fig.2a). 187 
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UV/S−EO treatment of AFFF.  188 

 189 
Fig. 4. Time profiles of (a) FTS, (b) PFSA, (c) PFCA, and (d) defluorination during UV/S−EO 190 
treatment of AFFF (1:100 diluted in DI water; [TOF]0 = 103 mg L−1). Reaction conditions for 191 
UV/S: 750 mL of water, 100 mM Na2SO3, pH 12 by NaOH, and a 16 W low-pressure Hg lamp. 192 
The EO treatment (no Na2SO4 added) was conducted in a BDD flow cell at a current of 5 A and 193 
an average cell voltage of 25 V. Data are presented as mean values of triplicates ± standard 194 
deviation. 195 

The near-quantitative defluorination of individual PFAS structures motivated us to apply 196 
UV/S−EO for AFFF treatment at ambient conditions. For fire suppression, the original AFFF 197 
liquid was typically diluted about 100-fold. It was further diluted after entering the water 198 
environment. To date, only a few studies have reported treating diluted AFFF (total fluorine 199 
0.16−27 mg L−1) by individual EO, UV/S, and plasma technologies.21, 39, 40 None of these non-200 
thermal methods realized ~100% defluorination (Table S3).41  201 
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The total fluorine in the original AFFF was measured as 10 g L−1 by combustion ion 202 
chromatography (Table S1). Nineteen of the 30 targeted PFAS structures were detected in AFFF 203 
by QQQ MS/MS (Table S2). The three most abundant targeted PFAS were 6:2 FTS (139 mg L−1), 204 
8:2 FTS (7.85 mg L−1), and PFOA (3.54 mg L−1). However, F elements from all targeted PFAS 205 
only accounted for 2% of the total fluorine. 19F nuclear magnetic resonance (NMR) analysis found 206 
the dominant species in AFFF as n=6 FT surfactants (i.e., C6F13−(CH2)m−RO, Fig. S4), but the 207 
structure of the organic moiety (RO) was unknown. We hypothesized that the surfactants could be 208 
defluorinated via similar mechanisms as for individual PFAS with the same RF building blocks 209 
(Fig.1d). Hence, to effectively monitor the treatment process, we kept tracking the concentrations 210 
of FTSs, PFSAs, PFCAs, select surfactant molecules,10, 14 and F− ion (Fig.4).  211 

Under UV/S treatment of the 100-fold diluted AFFF (total fluorine at 100 mg L−1), the 212 
concentration of 6:2 FTS increased in the first 8 hours and then slowly decreased (Fig.4a). PFSAs 213 
such as the C6 PFHxS, although in low concentrations, showed a similar generation-degradation 214 
profile (Fig.4b). It exhibited higher recalcitrance than that observed in previous studies using pure 215 
PFHxS in the deionized water matrix.24 The slow apparent degradation of these species can be 216 
attributed to (1) competing species in the organic matrix of diluted AFFF23 and (2) the continuous 217 
generation of PFHxS from n=6 sulfonamide surfactant precursors. This reasoning is further 218 
supported by the rather consistent concentration of PFOS, which has higher reactivity than PFHxS 219 
in previous UV/S studies.24 The sustained PFOS throughout the 24 h is most probably attributed 220 
to the conversion of n=8 sulfonamide precursors. PFCAs also showed generation-degradation 221 
patterns under UV/S treatment (Fig.4c). Because the initial concentrations of all PFCAs were 222 
negligible, the generated PFCAs could be attributed to the conversion of fluorotelomeric and 223 
sulfonamide precursors.17 A series of n=4−7 surfactant molecules (detected by Q-ToF-HRMS 224 
following literature10) demonstrated high recalcitrance or even net increase (Fig.S5). The UV/S 225 
module resulted in 40% of overall defluorination after 24 h (Fig.4d). Extended reaction beyond 24 226 
h did not further increase defluorination (Fig.S6). 227 

After switching to EO mode, all surfactant molecules degraded to non-detected after 40 h 228 
(i.e., 16 h under EO, Fig.S5). In comparison, most targeted PFAS structures showed concentration 229 
increases sooner or later (Figs.4a,b,c), and eventually became non-detected after 44 h (i.e., 20 h 230 
under EO). In particular, elevated PFCAs showed the generation-degradation profiles in a wide 231 
time window (Fig.4c versus Fig.1a), indicating the oxidative transformation of the abundant FT 232 
surfactants. The early generation of n=5 PFHxA, n=4 PFPeA, and n=3 PFBA in high 233 
concentrations suggest the oxidative conversion of the dominant n=6 FT precursors, as revealed 234 
by 19F NMR (Fig. S4). The oxidation of pure n=6 FTS using HO• radicals yielded similar PFCA 235 
product distributions (i.e., “n−2 dominance” rule).24, 42 The second wave of PFCA generation 236 
started after 32 h, with the most significant increase for n=6 PFHpA, followed by n=5 PFHxA and 237 
n=7 PFOA, suggesting a slower oxidative conversion of n=8 FT precursors.24, 42 The increase of 238 
n=6 and 8 FTSs during EO treatment (Fig.4a) suggested the oxidation of organic moieties. The 239 
very short time window for PFSAs (Fig.4b) further confirmed that sulfonamide precursors were 240 
minor components in the studied AFFF, and all degraded within a few hours. After the EO 241 
treatment, all targeted PFAS were below the detection limits shown in Table S2. The F− ion release 242 
reached ~100% of overall defluorination (Fig.4d). 19F NMR analysis of the residual also found no 243 
other F resonance beside F− (Fig.4e), which is another evidence for the near-quantitative 244 
defluorination.  245 
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Engineering considerations for AFFF treatment by UV/S−EO.  246 

 247 
Fig. 5. (a) Measured TOC and (b−d) foaming potentials of the 1:100 diluted AFFF in DI water 248 
before and after different treatment steps. The 500 mL gas washing bottle was loaded with 70 mL 249 
of each water sample. Air was purged through the glass frit immersed in the aqueous phase (2.5 250 
cm deep) till a stable foam layer was observed. The heights of the foam layer for the three samples 251 
were 15, 3.6, and 0 cm, respectively. Energy consumption of (e) UV/S and (f) the following EO at 252 
different [TF]0.  253 

TOC removal. Besides the 10 g L−1 of organic fluorine, AFFF contained heavy amounts of 254 
hydrocarbon surfactants.43 Total organic carbon (TOC) analysis of the 100-fold diluted AFFF 255 
found 396 mg L−1 of organic carbon (Fig.5a). However, after UV/S treatment, the measured TOC 256 
increased to 2005 mg L−1. Notably, the combustion temperature of the TOC analyzer by default 257 
setting (680 °C) cannot thoroughly oxidize all carbons, especially the fluorinated carbons, into 258 
CO2. Hence, UV/S treatment converted the “combustion-proof” mixed surfactants into more 259 
thermally oxidizable structures. After EO treatment, TOC was drastically reduced to only 13 mg 260 
L−1. Assuming the value of 2005 mg L−1 was similar to or still lower than the actual TOC of the 261 
100-fold diluted AFFF, the TOC removal by EO was ≥99.4%. Because fluorinated carbon that 262 
accommodates 100 mg L−1 of organic F as CF2 and CF3 was only a small portion of TOC, we 263 
concluded that EO treatment allows very deep mineralization of most hydrocarbon surfactants. 264 
Therefore, if organic removal is needed for AFFF treatment at ambient conditions, EO is a highly 265 
competitive technology option. 266 
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Foam suppression. Although EO provides a strong capability of mineralizing both organic 267 
and fluorinated carbons in AFFF, direct EO treatment encountered a serious foaming issue due to 268 
the vigorous gas evolution from water-splitting reactions (Fig.S2). To quantitatively describe the 269 
foaming, we arbitrarily define the “foaming potential” as the ratio between the height of foam and 270 
the depth of liquid under air purging at 100 mL min−1. Before treatment, the 100-fold diluted AFFF 271 
had a foaming potential of 6 (Fig.5b). After UV/S treatment, the value decreased to 1.4 (Fig.5c), 272 
allowing an easy operation of EO treatment. We only observed a thin foam layer with a height of 273 
less than 8% of the liquid in the first 4 h and no foaming thereafter. As expected from the ≥99.4% 274 
TOC removal, the foaming potential became zero after the EO treatment (Fig.5d). Therefore, the 275 
sequential UV/S−EO has a unique advantage in addressing the foaming issue from AFFF 276 
treatment. 277 

Robustness in real-world scenarios. An imminent application scenario is the cleaning of 278 
hanger fire-fighting pipelines and fire trucks that used PFAS-based AFFF in the past decades.7, 8 279 
This time, we used tap water for the 100-fold dilution of AFFF (Table S1). The UV/S−EO 280 
treatment resulted in very similar evolution/degradation kinetics for all individual PFAS and F− 281 
release (Fig.S7) to the DI water diluted AFFF (Fig.4). We also observed very similar reaction 282 
kinetics for all species at the dilution factors of 50 (Fig.S8) and 500 (Fig.S9), except that the more 283 
diluted (i.e., less concentrated) AFFF needed less time to achieve 100% defluorination. For the 284 
UV/S module, the chemical and energy consumption appeared proportional to the dilution factor 285 
(Fig.S8d versus S9d). The treatment of 500-fold diluted AFFF needed 10 mM sulfite and 12 h to 286 
reach the maximum defluorination of 46%. For the 50-fold diluted AFFF, 100 mM sulfite and 120 287 
h were needed to reach the maximum defluorination of 48%. In comparison, the EO module is less 288 
sensitive to the dilution factor. The time required to achieve the 100% overall defluorination for 289 
50- and 500-fold diluted AFFF was 24 and 12 h, respectively. It is important to highlight that the 290 
50-fold diluted AFFF had a record-high TOC > 4000 mg L−1 and TOF at 200 mg L−1 compared 291 
with those samples treated in the previous studies (Table S3). Hence, the UV/S−EO has 292 
demonstrated great promise to destroy concentrated PFAS in wastewater, particularly for the major 293 
challenges in fire-fighting system cleaning and AFFF disposal (after adequate dilution). 294 

Energy consumptions. We calculated the energy efficiency of UV/S and EO modules 295 
based on the slopes of the quasi-linear segments of the defluorination profiles (Figs.4d, S7d, S8d, 296 
and S9d) as the required energy input (kWh) to convert per gram of the organic fluorine to F− (Figs. 297 
5e and 5f). The light-adsorbing water matrices are usually expected to limit the efficacy of 298 
photochemical systems,44 but the UV/S system exhibited a consistent energy efficiency for the 50-, 299 
100-, and 500-fold diluted AFFF. In particular, the UV/S treatment further reduced the absorbance 300 
at 254 nm in the 50-fold diluted AFFF from 1.36 to 0.36 (Table S4). This “self-sharpening” feature 301 
makes UV/S suitable for treating concentrated AFFF. The lowest dilution factor of 1:50 in this 302 
work is three orders of magnitude lower (i.e., three orders of magnitude more concentrated) than 303 
the previous UV/S demonstration, which diluted AFFF 60,000-fold and operated at pH 9.5.23 The 304 
limited dilution substantially reduced the water volume to be treated, thus substantially saving the 305 
electrical energy for UV irradiation.  306 

For EO treatment, the energy consumption decreased with the lower dilution factor. This 307 
observation aligns with the principle of heterogeneous catalysis: the higher bulk concentration 308 
creates a steeper concentration gradient at the water/electrode interface, thus enhancing the mass 309 
transfer of PFAS to the BDD surface and the subsequent oxidation by direct electron transfer. 310 
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Therefore, limited dilution, though deemed challenging in many treatment processes, is highly 311 
beneficial for improving the electrical energy efficiency of the EO module. 312 

Extended discussion toward practical applications.  313 

The UV/S−EO tandem process achieved the long-pursued goal of near-quantitative 314 
defluorination of PFAS as either individual chemicals or a complex mixture in the AFFF matrices. 315 
The process design was built on the state-of-the-art understanding of the complementary 316 
capabilities of the two modules: 1) UV/S is highly effective for defluorinating long-chain PFAS 317 
that EO could not defluorinate to 100%; 2) EO is highly effective in mineralizing short-chain PFAS 318 
and H-rich TPs from UV/S treatment, both of which are recalcitrant under UV/S; and 3) UV/S 319 
treatment effectively suppressed foaming that could cause operational issues for EO. Moreover, 320 
both UV/S and EO exhibited high energy efficiency in treating AFFF with limited dilution. EO 321 
also enabled the near-complete removal of TOC in AFFF. All reactor components are 322 
commercially viable at full-scale. The integration only requires conveying the treated effluents 323 
without retrofitting the reaction units. We expect this treatment strategy to be also effective toward 324 
novel PFAS structures37, 38, 45 in various practical scenarios under ambient conditions.  325 

Lastly, we emphasize that UV/S−EO was developed for the non-potable treatment of 326 
obsolete AFFF stockpiles and fire-fighting system cleaning solutions. Therefore, the concern about 327 
the disinfection byproducts, which are only regulated in the drinking water supply, should not 328 
constrain the improvement and deployment of the process. Besides, technologies for removing 329 
halogenated byproducts and oxyanions are widely available and can be adopted as post-treatment 330 
add-ons.46-48 We are developing various engineering processes with pre- and post-treatment that 331 
can further expand the application scope of UV/S−EO in even more challenging water matrices. 332 

Methods 333 

Chemicals. Chemicals used as received include sodium sulfite (Sigma-Aldrich, ≥98%), 334 
sodium hydroxide (J.T.Baker, ≥99%), sodium sulfate (J.T.Baker, ≥98%), PFCAs (n = 1−8 335 
CnF2n+1COO−), PFSAs (n = 4,6,8 CnF2n+1SO3−), and FTSAs (n = 4,6,8 336 
CnF2n+1−CH2CH2−SO3−)were used as received. The information on CAS numbers, purities, and 337 
vendors is collected in the Supporting Information (Table S5).  338 

Analysis. Targeted analysis of PFAS was conducted on ultra-high-performance liquid 339 
chromatography (UPLC, Thermo Vanquish) coupled to a triple quadrupole mass spectrometer 340 
(QQQ MS/MS, Thermo Altis). The analytical method includes 30 PFAS. Details of instrument 341 
setup were described in our previous publication.49 Nontargeted analysis of PFAS transformation 342 
products was performed on high-performance liquid chromatography-quadrupole time-of-flight 343 
mass spectrometry (HPLC/Q-ToF-MS, SCIEX). The instrument setup was described in Text S2. 344 
The search and match of unknown fluorocarbon structures follow the protocol developed 345 
previously.41 346 

The F− was quantified by ion chromatography (IC). The TF of AFFF was analyzed by 347 
combustion ion chromatography (CIC; Metrohm), with the principle of decomposing AFFF 348 
samples at 1050 °C and using an IC to measure the F- released. Details were described previously.39, 349 
49 350 

The defluorination efficiency (DeF) for the treatment of a single PFAS target  was 351 
calculated as follows:  352 

https://doi.org/10.26434/chemrxiv-2023-kzqcg ORCID: https://orcid.org/0000-0003-3767-8029 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-kzqcg
https://orcid.org/0000-0003-3767-8029
https://creativecommons.org/licenses/by/4.0/


12 
 

ܨ݁ܦ = ܥிషܥ  × ܰିி × 100% 353 

where CF− is the molar concentration of F− ion released in solution, C0 is the initial molar 354 
concentration of the parent PFAS, and NC−F is the number of C−F bonds in the parent PFAS 355 
molecule. 356 

The DeF for the treatment of diluted AFFF was obtained via: 357 ܨ݁ܦ = ி்ܥிషܥ  − ிష,ܥ × 100% 358 

Where ்ܥி and ܥிష, are the concentrations of total fluorine and F- (if any) in the diluted AFFF. 359 

UV/S treatment. A customized 750 mL stainless steel photoreactor with quartz UV-lamp 360 
sheath and a 16 W low-pressure mercury lamp (254 nm narrowband irradiation) were used for 361 
UV/S treatment photon flux (1.3 ± 0.2×10−6 E s-1), effective path length (27 cm), and average 362 
(5.4×10−8 E·s−1·cm−2) were determined using the established methods (Text S3).50 For the UV/S 363 
treatment of a single PFAS, the DI-water was spiked with 25 μM target PFAS and 10 mM Na2SO3. 364 
The pH was adjusted to 12 by 1 M NaOH to achieve the highest photo-reductive treatment 365 
efficiency.36 As for the UV/S treatment of AFFF, AFFF samples diluted by DI water or tap water 366 
at ratios of 1 to 50, 1 to 100, and 1 to 500 were amended with Na2SO3 at 100, 100, and 10 mM, 367 
respectively. The reactor was sealed from the air without inert gas protection in all tests. 368 

EO treatment. EO treatment based on plate-type BDD (Element Six; Fig S3a) aims to 369 
evaluate the treatability of target PFAS with or without UV/S pretreatment. In these tests, 20 mL 370 
PFAS-containing electrolytes with or without UV/S pretreatment were electrolyzed in batch mode 371 
by a 16 cm2 BDD anode coupled with a stainless-steel cathode at 15 mA/cm2, corresponding to a 372 
total current of 0.24 A. 373 

In order to establish the proof-of-concept UV/S−EO tandem treatment train, we adopted a 374 
BDD flow cell for a larger treatment capability. The BDD flow cell reactor provided by Element 375 
Six contains two BDD disks (∅ 4.4 cm each at an interspace of 0.8 cm) that serve as anode and 376 
cathodes (Fig. S3b). The flow cell has a chamber volume of 95 mL. In the tandem treatment 377 
process, 750 mL of diluted AFFF will be first subjected to UV/S reductive treatment; the 750 mL 378 
treated water will then be circulated through the flow cell at a flow rate of 100 mL/min. It is 379 
important to note that the batch EO tests using plate-type BDD have a current-to-volume ratio of 380 
12 A/L. If the same ratio is replicated in the flow cell setup, the required total current is 9 A to 381 
treat 750 mL. However, limited by the capacity of the bench-scale power supply, the flow cell was 382 
operated at 5 A, corresponding to a current density of 329 mA/cm2. The near-complete 383 
defluorination of AFFF was achieved in the compromised condition, nonetheless. 384 

385 
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