i

Heoo®06

pubs.acs.org/est

Accelerated Degradation of Perflu

orosulfonates and

Perfluorocarboxylates by UV/Sulfite + lodide: Reaction Mechanisms

and System Efficiencies

Zekun Liu, Zhanghao Chen, Jinyu Gao, Yaochun Yu, Yujie Men, Cheng Gu, and Jinyong Liu*

Cite This: Environ. Sci. Technol. 2022, 56, 3699-3709

I: I Read Online

ACCESS |

[l Metrics & More

Article Recommendations

@ Supporting Information

ABSTRACT: The addition of iodide (I") in the UV/sulfite
system (UV/S) significantly accelerated the reductive degradation
of perfluorosulfonates (PFSAs, C,F,,,;SO5~) and perfluorocarbox-
ylates (PFCAs, C,F,,,;COO7). Using the highly recalcitrant
perfluorobutane sulfonate (C,F;SO;”) as a probe, we optimized
the UV/sulfite + iodide system (UV/S + I) to degrade n = 1-7
PECAs and n = 4, 6, 8 PFSAs. In general, the kinetics of per- and
polyfluoroalkyl substance (PFAS) decay, defluorination, and
transformation product formations in UV/S + I were up to three
times faster than those in UV/S. Both systems achieve a similar
maximum defluorination. The enhanced reaction rates and
optimized photoreactor settings lowered the EE/O for PFCA
degradation below 1.5 kW h m™. The relatively high quantum
yield of e,,” from I” made the availability of hydrated electrons (e,q
Meanwhile, the rapid scavenging of reactive iodine species by SO3
that in UV/L The addition of I also substantially enhanced SO;*~

lodide-enhanced PFAS degradation
% Optimized with recalcitrant PFBS

+» Accelerated reactions W

<+ Enhanced sulfite utilization
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7) in UV/S + I and UV/I two times greater than that in UV/S.
made the lifetime of e,;~ in UV/S + I eight times longer than
utilization in treating concentrated PFAS. The optimized UV/S +

I system achieved >99.7% removal of most PFSAs and PFCAs and >90% overall defluorination in a synthetic solution of
concentrated PFAS mixtures and NaCl. We extended the discussion over molecular transformation mechanisms, development of

PFAS degradation technologies, and the fate of iodine species.

KEYWORDS: PFAS, PFBS, defluorination, laser flash photolysis, hydrated electron, reactive iodine species, brine treatment,

energy consumption

Bl INTRODUCTION

Per- and polyﬂuoroalkyl substances (PFASs) have become
global pollutants' due to their (i) wide applications since the
1940s, (ii) high recalcitrance in natural environments, and (iii)
diverse toxicities to animals”® and health concerns for
humans.*™” While carbon sorptlon,g’9 ion exchange,g_ ' and
membrane filtration'”"® can capture PFAS from polluted
water, the subsequent treatment of the concentrated PFAS
remains challenging. ta-1e

Among the rapidly developing technologies for PFAS
degradation,'’** photochemical treatment with UV-generated
electron (e ~) has demonstrated great promise for environ-
mental remedlatlon *473% The C—F bond can be reductively
converted into C—H by e~ (eq 1),”* which can be
generated from UV irradiation of SO;*~ (eq 2) with a quantum

Although the 254 nm irradiation used in common water
treatment applications is not the maximum absorption
wavelength of SO;27,°° the cost-effectiveness of PFAS
degradation by UV/sulfite (UV/S) has been greatly enhanced
by tuning reaction conditions, such as pH adjustment.”” At pH
12.0, the defluorination has reached 73—93% for n = 2—8
perfluorocarboxylates (C,F,,,;COO~, PECAs) and 79—84%
for n = 4, 6, 8 perfluorosulfonates (C,F,,,;SO;, PFSAs).*®
The C—H bonds in the UV/S treatment residue allow for
further defluorination by oxidation with HO?®, resulting in near-
complete defluorination.”® However, PFSAs are intrinsically
more recalcitrant than PFCAs for UV/S treatment. The short-
chain n = 4 perfluorobutane sulfonate (PFBS, C,FoSO;7) is

yield (QY) at 0.12—0.14 mol/einstein®>*° Eecf’i";d‘ I}:Iobvembers 8120220221
evised: ebruary S,
C—F + zeaq_ +H" - C-H + F~ (1) Accepted: February 11, 2022
Published: February 28, 2022
SO,"” + hv = SO,"™ + e, ,~ @)
© 2022 American Chemical Society https://doi.org/10.1021/acs.est.1c07608
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Figure 1. (a) Parent compound decay and (b) defluorination of PFBS by UV/S (10 mM), UV/I (2 mM), and UV/S (10 mM) + I (2 mM); PFBS
degradation by UV/S + I at varied (c,d) iodide concentrations, (e) sulfite concentrations, and (f) solution pH. Default reaction conditions: PFBS
(0.025 mM), carbonate (S mM), pH 12.0, 254 nm irradiation (an 18 W low-pressure Hg lamp in 600 mL solution), and 20 °C.

even more challenging than longer-chain n = 6, 8 PFSAs.>>?°
Multiple spikes of sulfite and >24 h are required to degrade all
parent PFBS,”® resulting in high chemical dosage and energy
consumption for an effective treatment.

Before the application of UV/S for pollutant degrada-
tion,”**® UV/iodide (UV/I) had been developed earlier for
PFAS degradation.p"zs’39 The generation of e,;~ from iodide
(eq 3) has a QY at 0.22—0.29 mol/einstein*”*

I'+h > T + ey (3)

A previous study reported >95% defluorination of
perfluorooctanoate (C,F;sCOO~, PFOA, an extensively
studied “representative” PFAS) by UV/I at pH 9.2 and
ambient temperature.*” Although a higher concentration of
€q could be expected from UV/I than UV/S, our use of UV/I
only achieved PFOA defluorination of up to 60% (see Table
A2 of the Supporting Information of ref 29). The low
efficiency could be attributed to e,;~ scavenging by reactive
iodine species (RIS, e.g,, I, ,*7, and I;”) and dissolved oxygen
(DO).*>* While DO removal by N, was necessary for UV/I,
N, purge is not necessary for UV/S”” because the initial DO
can be rapidly scavenged by sulfite.”® Therefore, we added
sulfite to simplify the DO removal for UV/L To our surprise,
the degradation and defluorination of the highly recalcitrant
PFBS were significantly accelerated even at a 10-fold higher
concentration than our previous studies (i.e., 250 vs 25 uM).
To date, the UV/sulfite + iodide (UV/S + I) system has only
been examined for reductive degradation of monochloroace-
tate** and bromate*® in 2018. The first report on
dechlorination by UV/S + I** has revealed key mechanistic
insights to understand the enhanced degradation of highly
recalcitrant PFAS. Herein, we systematically optimized the
UV/S + I system using the PFBS as the challenging probe,
elucidated the reaction mechanisms using various model
fluorinated compounds, and showcased the significantly
enhanced system efficiencies in both chemical dosing and
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energy consumption for the degradation of legacy PFSAs and
PFCAs.

B MATERIALS AND METHODS

Chemicals. Sodium sulfite (Na,SO;), potassium iodide
(KI), sodium hydroxide (NaOH), and sodium bicarbonate
(NaHCO;) were purchased from Fisher Chemical. PFSAs (n =
4, 6, 8 C,F,,,;SO;7, PFSAs) and PFCAs (n 1-8
C,F,,,1COO™) were purchased in bulk quantities (i.e., 0.1—5
g) and used as received. The information on CAS numbers,
purities, and vendors are listed in Supporting Information.

Photochemical Reaction. The optimization of UV/S + I
system parameters used the previously reported photochemical
reactor configuration (Ace Glass parts #7864-10, #7874-38,
and #7506-14, wrapped with aluminum foil).”** A 600 mL
solution containing 25 yM PFBS, S mM NaHCO;, and
predetermined concentrations of KI and Na,SO; and pH
(adjusted with NaOH) was irradiated by an 18 W low-pressure
mercury lamp (GPH212TSL/HO) in the closed photoreactor
with jacketed water cooling at 20 °C. For the reduction of
energy consumption, the optimized solution condition was
further applied in a new reactor configuration, where a 2000
mL solution was irradiated by a 10 W low-pressure mercury
lamp (GPH212TSL, with the same geometry as the 18 W
lamp) in a quartz sleeve placed in the center of a 2 L tall-form
beaker (wrapped with aluminum foil and covered by a plastic
cap with parafilm sealing). Because the 2 L beaker did not have
a water cooling jacket, the solution was gradually heated from
20 to 36 °C in the first 4 h by the UV lamp and then
maintained around 36 °C due to the balance with heat
dissipation.

Water Sample Analysis. The parent PFAS and trans-
formation products (TPs) were analyzed by liquid chromatog-
raphy—high-resolution quadrupole Orbitrap mass spectrom-
eter (LC—HRMS/MS). Both suspect and non-target screening
were conducted to identify TPs. Short-chain (n = 1 and 2)
PFCAs and their TPs were analyzed by ion chromatography

https://doi.org/10.1021/acs.est.1c07608
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Table 1. DeF%, Rate Constant, EE/O, and EE/Max.deF of PFCAs and PFSAs by UV/S and UV/S + I Treatment”

defluorination after 1 h (%)

parent compolugd decay
-1y

EE/O (kW h m~3)” EE/Max.deF (kW h m~3)”

PFCA(C,FE,,,;CO0") uv/s UV/S +1 uv/s
n=1TFA 84 + 12 100 + 1.3 3.7 (2.4)
n = 2 PFPrA 47 £ 04 75 + 0.9 6.7 (4.9)
n =3 PFBA 52+ 2.1 77 + 0.8 5.8 (3.5)
n = 4 PFPeA 42 + 39 73+ 1.5 5.5 (3.4)
n =5 PFHxA S1+31 79 + 1.3 6.1 (4.1)
n = 6 PFHpA 41 +27 77 + 3.6 5.4 (3.7)
n =7 PFOA 39+ 18 88 + 0.3 52 (3.1)

defluorination after 24 h
(%)

UV/S +1 uv/s UV/S + 1 uv/S UV/S + I
8.6 (6.8) 18.6 (4.8) 7.8 (1.7) <60 (10) <22.8 (3.8)
17.2 (8.9) 10.2 (2.3) 42 (1.3) <240 (40) <60 (20)
19.2 (9.9) 12.0 (3.3) 3.6 (1.2) <240 (40) <120 (20)
169 (8.7) 12.6 (3.4) 42 (1.3) <240 (40) <120 (20)
19.7 (10.1) 114 (2.8) 3.6 (1.1) <240 (40) <60 (20)
17.5 (9.4) 12.6 (3.1) 42 (1.2) <240 (60) <60 (20)
154 (8.1) 13.2 (3.7) 42 (1.4) <240 (60) <60 (20)

parent compound decay k (h™")

EE/O (kW h m™3) EE/Max.deF (kW h m™3)

PFSA (C,F,,,180;7) uv/s UV/S + 1 uv/s UV/S +1 uv/S UV/S +1 uv/s UV/S +1
n = 4 PFBS 43+ 18 78 +£ 12 0.05 (0.02) 0.19 (0.05) 1320 (576) 366 (230) ~1320 (576) ~366 (230)
n = 6 PFHxS 60 + 3.1 84 + 1.3 0.38 (0.29) 1.56 (0.61) 181 (39.7) 44.4 (18.9) <360 (60) <120 (40)
n = 8 PFOS 84 + 0.9 92 + 0.7 0.78 (0.65) 1.90 (1.01) 88.8 (17.7) 36.6 (11.5) <240 (40) <60 (40)

“Reaction conditions were the following: individual PFCA/PFSA (0.025 mM), Na,SO; (10 mM), KI (2 mM), NaHCO; (S mM), pH 12.0, 254

nm irradiation (an 18 W low-pressure Hg lamp in 600 mL solution), and 20 °C.

alues in parentheses are from an “energy-saving” setting (a 10 W

lamp in 2 L solution, solution constituents not changed) at 20—36 °C due to the gradual heating by the UV lamp without a cooling water bath.

(IC). The degradation kinetics were fit with C/C, > 0.2 data
using the pseudo-first-order kinetic model. Rationales for this
fitting method are described in Text S1. The released fluoride
ion (F~) was measured by an ion-selective electrode (ISE) and
validated by IC.*”*" Detailed operation parameters of LC—
HRMS/MS, IC, and ISE have been reported previ-
ously”**?7% and also included in the Supporting Informa-
tion. The defluorination percentage (deF%) is defined as the
molar ratio between the released F~ in solution and the total F
in the parent PFAS compounds.

Laser Flash Photolysis. A transient absorption spectrom-
eter (LP980, Edinburgh Instruments) equipped with 266 nm
laser pulse (Nd:YAG)>* was used to measure the yield and
lifetime of €a produced from UV/S, UV/I, and UV/S + L.
The sample solution (2.5 mL) containing KI and Na,SO; at
predetermined dosage was filled in a 1 cm X 1 cm X 3 cm
quartz cell and then purged with N, for 30 min. The solution
was then excited by the laser beam along with the 1 cm optical
path. The absorption by e,,~ and I;” was measured at 700°*
and 350 nm,"” respectively. The lifetime of e, and I;7 was
calculated by eq 4

R, =B @)

where R, is the signal response at time ¢, B is the amplitude of
the absorption curves at time zero, T represents the time
required for the response to decay to 37% of the ori§inal signal
strength, and the fitted 7 is defined as the lifetime.” +

B RESULTS AND DISCUSSION

Significantly Accelerated PFBS Degradation by UV/S
+ |. Previously, we have used PFOA as the probe to optimize
the UV/S system (pH 12.0 and 10 mM Na,SO;).>” However,
when the target pollutant was switched to PFBS, the optimized
UV/S only achieved 48% decay of the parent PFBS (Figure
la) and 42% overall defluorination after 24 h (Figure 1b).”® To
enhance the degradation, two more spikes of 10 mM Na,SO;
at 8 and 16 h (i.e., 30 mM Na,SO; in total) boosted the parent
PFBS decay and overall defluorination to 86 and 69%,
respectively.”® In sharp contrast, the addition of 2 mM KI to
10 mM Na,SO; in the UV/S system substantially accelerated
the reaction by reaching >99% decay of the parent PFBS and
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78% overall defluorination after 24 h, without additional
Na,SO; spikes during the reaction. Thus, I” not only
accelerated the reaction but also significantly enhanced the
utilization efficiency of SO;*~. Notably, for most samples from
different reaction settings and sampling times, the deF% from
the reacted portion of the PFBS was consistent (i.e., 83 + 2%).
Therefore, the decay of the parent PFBS is the rate-limiting
step and the following defluorination from TPs is fast.”

We continued using the highly recalcitrant PFBS to further
optimize the UV/S + I system. The examination on varying
concentrations of I, SO;*~, and pH (Figure 1c—f) confirmed
that the initially used 2 mM I~, 10 mM SO5>7, and pH 12.0
constitute the optimal reaction conditions for 0.025 mM PFBS.
The use of <5 mM SO;*” led to early termination of
defluorination (Figure le) probably due to the early depletion
of sulfite. Further elevated concentrations of either SO;*~ (e.g,,
20 mM) or I” (e.g, S mM) did not result in a better
performance. In our previous study on the UV/S system, 10
mM SO,>~ was found to be necessary to achieve the maximum
defluorination of 0.025 mM PFOA.”’

Energy Efficiency of the UV/S + | System. We further
confirmed the high energy efficiency of UV/S + I from the
rapid degradation of n = 6, 8 PFSAs and n = 1-7 PFCAs
(Table 1). The first-order rate constants for the parent
compound decay were 2.4—4.1-fold of those by UV/S, where
all conditions were the same except for the absence of iodide.
The term EE/O, which is defined as the electrical energy
consumed for lowering the pollutant concentration by one
order-of-magnitude (ie, C/C, = 0.1 or 90% removal), has
been frequently used for water technology evaluation*®

EE/O = —In(0.1) X P/(k X V)

where P is the power of the UV lamp (kW), k is the first-order
rate constant (h™'), and V is the volume of water (m®). To
probe the possibility of further lowering the EE/O by UV/S +
I, we decreased the power of the UV lamp from 18 to 10 W
and increased the volume of water from 600 to 2000 mL. The
decay of the parent PFAS in the new configuration of 10 W:
2000 mL was 20—50% slower than in the previous
configuration of 18 W: 600 mL. Hence, the EE/O values
were reduced by 3—5-fold from modifying the reactor

https://doi.org/10.1021/acs.est.1c07608
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Figure 2. (a) Parent compound decay and (b) defluorination of n = 1—7 PFCAs by UV/S (10 mM), and UV/S (10 mM) + I (2 mM). Panel (c)
shows the magnified defluorination profiles for n = 2—7 PFCAs (averaged) within the first 1 h. (d—f) Parent compound decay and defluorination of
n = 4, 6, 8 PFSAs. Reaction conditions: individual PFAS (0.025 mM), NaHCO, (5 mM), pH 12.0, 254 nm irradiation (an 18 W low-pressure Hg
lamp in 600 mL solution), and 20 °C.
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Figure 3. Parent compound decay, TP formation, and defluorination of tri-, di-, and monofluoro acetates by (a—c) UV/S + I and (d—f) UV/S and
(g) reaction schemes. Reaction conditions: individual PFAS (0.025 mM), Na,SO; (10 mM), KI (2 mM), NaHCO; (5 mM), pH 12.0, 254 nm
irradiation (an 18 W low-pressure Hg lamp in 600 mL solution), and 20 °C. The vertical red dotted lines in panels (d—f) indicate the 1 h time
window where 100% defluorination by UV/S + I was achieved.

configuration (see Text S2 for an extended discussion).

Together with the acceleration by iodide, the EE/O for n

2—7 PFCAs by UV/S + I have become <1.5 kW h/m? (Table
1). Interestingly, the maximum deF% of PFCAs by UV/S in
the 10 W: 2000 mL configuration was significantly lower than
that in the 18 W: 600 mL configuration (Figure S1). In stark
comparison, defluorination of PFCAs by UV/S + I in the 10
W: 2000 mL configuration only showed a lower initial rate, but
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the maximum deF% after 4 h was the same as in the 18 W: 600
mL configuration.

For the much more recalcitrant PFSAs, the EE/O were also
lowered to 11.5—230 kW h/m?. As elucidated in our previous
study,”” one primary mechanism for parent PFCA decay is
hydrodefluorination of the @ —CF,— moiety, and one primary
mechanism for parent PFSA decay is the reductive cleavage of
the C—S bond. Because both mechanisms require the reaction

with e,;”, the significantly accelerated degradation of both

https://doi.org/10.1021/acs.est.1c07608
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Figure 4. Parent compound decay, TP formation, and defluorination of PFPrA by (a)b) UV/S + I and (c,d) UV/S. Panels (b,d) show magnified
time profiles within the first hour of reaction. Panel (e) shows the proposed reaction schemes. Reaction conditions: PFPrA (0.025 mM), Na,SO,
(10 mM), KI (2 mM), NaHCO; (S mM), pH 12.0, 254 nm irradiation (an 18 W low-pressure Hg lamp in 600 mL solution), and 20 °C.

PFCAs and PFSAs by UV/S + I can be attributed to the
enhanced availability of e, .

As the goal of PFAS degradation is not merely removing
90% of the parent compound, we propose a new metric that
calculates the electrical energy consumed by the time (t) upon
reaching 90% of the maximum defluorination (EE/Max.deF,
Table 1)

EE/Max. deF = P X t/V

Because defluorination involves multiple pathways and
cannot be quantified with a simple kinetic model, the EE/
Max.deF values are estimated as a range based on the time
when the first sample showing >90% of the maximum
defluorination was collected. The maximum defluorination
was determined in the sample taken at 24 h when sulfite had
been fully depleted (see Figure 6¢).

For PFCAs, the parent compound decay was much faster
than the stepwise defluorination (Figure 2a vs b,c). The decay
and defluorination of n > 2 PFCAs followed similar time
profiles, so the average values are shown in those figures. Still,
their EE/Max.deF values by UV/S + I were <20 kW h m™>.
For PFSA degradation, the parent compound decay and
defluorination were much more synchronous (Figure 2d—f)
than PFCA degradation. Because >90% parent compound
decay of PFSAs is the pre-requisite for reaching 90% of the
maximum defluorination, the EE/Max.deF values for PESAs
were also higher than their EE/O. The current reactor
configuration and solution composition of UV/S + I have
resulted in the low-end EE/O values for PFOA/PFOS
degradation among existing reports on various technolo-

ies.'”'”*>* Currently, the comparison of EE/Max.deF with

other treatment methods is not feasible due to the lack of
reported defluorination-time profiles, especially for PFBS
degradation.

Mechanistic Insights from Reaction Kinetics and TPs.
To understand how the new UV/S + I system accelerated both
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parent compound decay and defluorination, we used n = 1 and
2 PFCAs (C,F,,,;COO~) as mechanistic probes. Short-chain
PFCAs have a limited number of fluorinated carbons, and
many possible TPs have commercial standards for quantita-
tion. The decay and defluorination of the three n = 1
structures, CF;—COO~ (trifluoroacetate, TFA), CHF,—
COO~ (difluoroacetate, DFA), and CH,F—COO~ (mono-
fluoroacetate, MFA) by UV/S + I were significantly faster than
those by UV/S (Figure 3a—c vs d—f). While the complete
defluorination by UV/S took 2—4 h, only 1 h was needed for
UV/S + L The formation of acetate (CH;—COO™) indicates
the hydrodefluorination pathway, where F atoms were stepwise
replaced by H atoms via reduction with e,,~ (Figure 3g). The
generation (and degradation) of the stepwise hydrodefluori-
nation TPs (e.g., DFA and MFA from TFA) was also faster in
the UV/S + 1 system. Meanwhile, the various gaps of the
acetate yield from 100% indicate the competing decarbox-
ylation pathway (Figure 3g). At the end of reactions where
100% defluorination was achieved, the acetate yields from DFA
and MFA by UV/S + I (72 and 93%, respectively) were higher
than those by UV/S (45 and 72%, respectively). The preferred
hydrodefluorination indicates enhanced availability of e,,~ in
the UV/S + I system.

However, for the degradation of TFA, the acetate yield by
UV/S + I (34%) was lower than that by UV/S (52%). The
calculated C—F bond dissociation energy (BDE) in TFA
(116.8 kcal mol™") is significantly higher than those in DFA
(109.7 keal mol™) and MFA (108.6 kcal mol™").*” We have
also found that the C—F bonds in CF,CH,—COO~ (121.5
keal mol™") and HCF,CH,—COO™ (118.8 kcal mol™') were
both sluggish in the reaction with eaq_.37’50 Therefore, the
dominating pathway for TFA degradation by UV/S + I should
be decarboxylation.

The degradation of CF;CF,—COO~ (PFPrA, see Table 1
for acronyms) using UV/S + I was also significantly faster than
that by UV/S (Figure 4ab vs c,d). The recalcitrant
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Figure 6. (a) Kinetic profiles of transient absorption at 700 nm after the 266 nm laser pulse excitation of I, S, and S + I solutions; (b) kinetic
profiles of transient absorption at 350 nm after 266 nm laser pulse excitation of I and S + I solutions; (c) decay of sulfite in UV/S and UV/S + Lin
the absence of PFAS; and (d) lifetime of €y in UV/S + T at varied solution pH. Conditions: Na,SO5 (S, 10 mM), KI (I, 2 mM), and pH 12.0.

hydrodefluorination TP, CF;CH,—COO", has very strong sp’
C—F bonds (Figure 4e) and thus is accumulated in the
solution. Both UV/S + I and UV/S achieved a similar deF% of
PFPrA (79% in Figure 4a and 76% in 4c), suggesting that UV/
S + I cannot cleave additional C—F bonds that are recalcitrant
under UV/S treatment. However, upon reaching the maximum
deF%, the yield of CF;CH,—COO™ from UV/S + I treatment
was higher than that from UV/S treatment (62 vs 39 from 250
UM of PFPrA), indicating enhanced availability of €, for
hydrodefluorination of the relatively weak C—F bonds.
Notably, the limit of deF% via hydrodefluorination is 40%
(i.e, two @ C—F bonds out of the five C—F bonds in PFPrA
are cleaved), whereas the overall deF% reached 79%. The
deeper defluorination is thus contributed by the decarbox-
ylation pathway, which mineralized the @ CF, moiety and
yielded TFA (Figure 4e). TFA can be 100% defluorinated by
either pathway (Figure 3).

It is worth noting that other degradation pathways also
occurred. As shown by the F balance counting F~ and known
TPs from hydrodefluorination (CF;CFH—COO~ and
CF,CH,—COO~) and from decarboxylation (TFA, DFA,
and MFA were negligible), the maximum gap reached >50% at
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the beginning (15 min for UV/S + I and 1 h for UV/S). After
the maximum deF% was achieved (8 h for UV/S + I and 24 h
for UV/S), the missed F balance was decreased to 6% for UV/
S + I'and 15% for UV/S. While we are investigating novel TPs
with other mechanistic hypotheses, we noted that most F-
containing TPs did not escape the system as gaseous products
because the following oxidation with HO® (generated from
heat-activated persulfate at pH > 12) achieved ~100%
defluorination.*®

The abovementioned mechanistic insights were further
corroborated by the results from C,F;;—COO~ (PFOA).
The generation and the following degradation of the
decarboxylation product, C¢F;;—COO~ (PFHpA), and the
hydrodefluorination product, C,F,H-COO~, were much
faster by UV/S + I than by UV/S (Figure Sa vs b). We note
that the detected concentration of a TP is the result of the
balance between generation and degradation at the same time.
Although the maximum concentrations of those two TPs
under UV/S + I and UV/S were similar, their total generated
amounts under UV/S + I should be more than those under
uv/s.
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Figure 7. (a) DeF% of PECAs by UV/S after 8 h; (b) time profiles for the defluorination from 0.25 mM PFOA by UV/S (with SO;>~ spikes every
24 h) and UV/S + I (no SO,*~ spike); (c) time profiles for the defluorination from various [PFOA], by UV/S + I; (d) deF% of PFCAs after 24 h
by UV/S +I; (e) deF% of PFSAs by UV/I and UV/S + I after 24 h; (f) time profiles for the defluorination from the mixed PFAS (see Table 2) in
NaCl brine after a 1:1 dilution with deionized (DI) water. Default reaction conditions: 10 mM Na,SO; (10 mM), KI (2 mM for UV/S + I),
NaHCO; (5 mM), pH 12.0, and 254 nm irradiation (an 18 W low-pressure Hg lamp for 600 mL solution), and 20 °C.

TP analysis for the degradation of C,Fo—SO;~ (PFBS) also
confirmed that the formation of the hydrodefluorination
product, C,F;H,—SO;", was significantly enhanced by UV/S
+ I (Figure Sc vs d). According to the calculated C—F BDEs
for PFSAs,*® the most probable location for the initial
hydrodefluorination is on the § carbon (Figure Se). Further
hydrodefluorination only yielded C,F¢H;—SO;”, which
accumulated under UV/S + I treatment. Hence, the high
overall deF% of 79% should also be attributed to C—S cleavage
upon the reaction between C,Fo—SO;™ and e, to yield n < 3
PFCAs (Figure Se). However, PECA TPs (e.g, PFBA) were
not detected, probably due to the rate-limiting decay of the
PEBS and the rapid degradation of daughter PFCAs.

Mechanistic Insights from Reactive Species Analyses.
The significantly accelerated parent compound decay and the
increased yield of hydrodefluorination products by UV/S + I
prompted us to explain the enhanced availability of e,;~. We
compared the abundance and lifetime of e,,~ produced from
UV/S + 1, UV/S, and UV/I by measuring the absorption at
700 nm in laser flash photolysis (LFP) experiments (Figure
6a). As expected from the reported QY, the abundance of €
generated by the 266 nm laser from 2 mM I~ (absorbance
0.012, QY = 0.22—0.29 mol/einstein)*”*" was approximately
two times higher than that from 10 mM SO;*~ (absorbance
0.016, QY = 0.12—-0.14 mol/einstein)ss’36 at pH 12. However,
the € from UV/I has a 22-fold shorter lifetime than that
from UV/S. Besides the quenching by H* (eq S), a series of
RIS can rapidly form (eqs 6—8) and become strong scavengers
of e,,™ (eqs 9—11).**” This may be one reason for the limited
performance of UV/I for PFAS degradation.w’44’51’52

e, +H" > H  k=23x10"M"s"

©)

F+1">1, k=30x10"M"s" (6)
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C+I"> 1"  k=88x10°M s (7)
I'+L =1~ k=46x%x10°M's! (8)
L+e, =L  k=53x10"M"s" (9)
L +e, =20 k=90x10"M"s" (10)
L te, -1 +L°7 k=35x10"M"'s

(11)

For comparison, UV/S + I generated e, in a similar
abundance to UV/I. Meanwhile, the lifetime of e, in UV/S +
I was eightfold longer than that in UV/I (Figure 6a). Besides
serving as the source of e, (eq2), SO;* has also been found
to rapidly reduce RIS back to I” (eqs 12—15)°>>*

I, +80,” -1 +1SO,” k=31x10°M"'s™"

(12)
L +8S0,°” =2 +S0,"" k=19x10°M's"
(13)
L™+ 80, -2 +1SO,”  k=29x10°M's™"
(14)
1SO,” + H,0 —» I + 8O,>” + 2H"  k=300s"
(15)

As I;” has a characteristic absorption at 352 nm,*”** the
rapid quenching of I;” by SO;*” was also confirmed by the
LFP experiment (Figure 6b). The use of 10 mM SO,*~
shortened the lifetime of I;~ by 23-fold. Although a radical
reaction network remains challenging to build, a simplified
interpretation is that SO~ donates up to two electrons to
convert RIS back to I” via eqs 12—15. This interpretation is
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Table 2. Treatment of a Concentrated PFAS Mixture in NaCl Brine by UV/S + I?

PFAS PFAS concentration total fluorine in C—F bonds residual PFAS after 24 h parent PFAS removal ratio
category compound (ug L) (ug L) (ug LY (%)
FTSAs 4:2 FTS 131 68 63 519

6:2 FTS 27,950 16,124 296 98.9
8:2 FTS 875 53§ <53 >93.9
PFCAs PFBA 1950 1212 <5 >99.7
PFPeA 5872 3803 <13 >99.7
PFHxA 16,433 10,936 <8 >99.9
PFHpA 7492 5083 <9 >99.8
PFOA 101,550 69,896 <10 >99.9
PFNA 228 159 <12 >94.7
PFSAs PFBS 4988 2522 279 94.4
PFHxS 72,550 40,893 <88 >99.8
PFOS 86,950 56,155 <100 >99.8
sum 327.0 mg L™ 207.4 mg L™" (10.9 mM) <0.9 mg L™ >99.7

“Reaction conditions: the 3% NaCl brine with the tabulated components was diluted with 1:1 DI water, Na,SO; (10 mM), KI (2 mM), NaHCO,
(S mM), pH 12.0, 254 nm irradiation (an 18 W low-pressure Hg lamp in 600 mL solution), and 20 °C. bConcentrations without a definitive value
indicate the limit of quantitation by the HRMS instrument in our study. These values are the HRMS-detected concentration multiplied by 2 (due
to the 1:1 dilution before treatment). Solid-phase extraction for accurate quantitation in low concentration ranges (e.g., the prevalent 70 ng L™
reference for drinking water) was not used in this proof-of-concept study.

consistent with (i) the faster consumption of SO;>~ in UV/S +
I than in UV/S (Figure 6¢), (ii) the generation of e,,~ in high
abundance and long lifetime in UV/S + I, and (iii) the
enhanced reductive PFAS degradation. These experimental
findings complement the previous study on monochloroacetate
degradation, which conducted meticulous kinetic measure-
ments for a comprehensive mechanistic understanding of the
UV/S +1 system.44 Moreover, SO327 is an instant scavenger of
DO without UV irradiation.”> Upon adding Na,SO; in water,
the measured DO immediately dropped from 7.3 to <0.1 mg/
L. Thus, the use of SO;*~ effectively prevented €, quenching
by DO,”>*° and the UV/S + I system does not need N, purge.
In addition, the lifetime of e,;~ at pH from 9 to 12 showed
an increasing trend (Figure 6d). Because the speciation of both
I” and SO5* is not impacted at pH > 10, the longer lifetime at
higher pH is primarily attributed to the reduced e, ~
quenching by H* (eq 5). This result is consistent with the
excellent PFBS degradation kinetics at pH 12 (Figure 1f).
lodide Significantly Enhanced the Utilization of
Sulfite. In our previous studies on the UV/S system, the
typical concentration of PFOA was 25 uM because higher
concentrations resulted in inferior performance. For example,
using 10 mM SO;*~ at pH 12, the defluorination of 25 uM of
individual n = 2—7 PFCAs reached 73—93% at 8 h. The
kinetics did not show a significant dependence on the
fluoroalkyl chain length (n). However, the deF% from 250
uM (or 0.25 mM) of individual PFCAs were significantly
lowered and exhibited an obvious decrease with the increased
n (Figure 7a). For PFOA, 0.25 mM of C,F;;—COO~
contained 3.75 mM of the C—F bond. If 100% defluorination
could be achieved solely by the hydrodefluorination mecha-
nism (eq 1), up to 7.5 mM of e, would be consumed.
However, the use of 10 mM 5032_ in UV/S only achieved 34%
defluorination at 24 h, where most SO;*~ had been depleted
(Figure 6¢). Under UV irradiation, the major portion of SO;*~
that was not utilized for PFAS degradation probably generated
H, gas.”” However, this aspect warrants further investigation.
Additional spikes of 10 mM SO;>” enabled further
defluorination, but a total of 40 mM SO;>” only defluorinated
PFOA up to 73% (Figure 7b). In stark contrast, the initially
added 10 mM SO;*” and 2 mM I~ directly achieved 84%
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defluorination from the 0.25 mM PFOA within 12 h. Thus, the
utilization of sulfite was significantly enhanced by the addition
of iodide. Further increasing the PFOA concentration to 0.5
mM led to significantly lower defluorination (Figure 7c).
Hence, we increased the concentration of all PFCAs and
PESAs from 25 to 250 uM. The UV/S + I treatment of PFCAs
achieved a similar deF% for both concentrations (Figure 7d).
The UV/S + I treatment of n = 4, 6, 8 PFSAs (0.25 mM)
without spiking additional SO,*" also achieved 68, 81, and
87% of defluorination, respectively (Figure 7e). These values
are consistent with the maximum deF% of n = 4, 6, 8 PFSAs
(25 uM) by UV/S with additional SO;>~ spikes (69, 72, and
849%, respectively).*®

Motivated by these positive results, we further challenged
the UV/S + I system to treat a synthetic brine, which was
prepared based on the NaCl content and quantified PFAS
constituents in a recently reported “still bottom” waste brine
from ion-exchange resin regeneration (Table 2).'® Natural
organic matters and other potential inhibiting species that
require pretreatment efforts were not included in the present
study. Individual PFAS component concentrations were
chosen as the averaged values of the six reported brines."®
Commercially unavailable structures (e.g, n = S, 7, 9 PFSAs),
minor structures (e.g, n = 9 PFCA and n = 8 sulfonamide),
and unknown PFAS precursors were not included. Hence, the
synthetic brine contained 3 wt% NaCl and a total of 10.9 mM
of C—F bonds in the mixture of three fluorotelomer sulfonates
(FTSAs, n = 4, 6, 8 C,F,,,;—CH,CH,—SO;"), six PECAs (n =
3—8), and three PFSAs (n = 4, 6, 8). We diluted the brine for
twofold, so that the e,,” generated from 10 mM SO,*" and 2
mM I~ would suffice the need for cleaving all C—F bonds (5.5
mM after dilution) via the reductive pathway (eq 1). The UV/
S + I treatment achieved 90 and 93% defluorination from this
brine sample after 12 and 24 h, respectively (Figure 7f). The
UV/S treatment using 50 mM SO,*" exhibited an inferior rate
and extent of defluorination. Quantitation of the individual
PFAS in the treated brine found that a majority of parent
structures have been removed for >99.5%. The outstanding
substrates exhibiting high recalcitrance included PFBS (94%
removal) and 4:2 FTS (52% removal). Hence, short-chain
fluorotelomers are not ideal for direct UV/S + I treatment. The
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isolation of the very short fluoroalkyl chain by —CH,—
moieties voids the favorable mechanistic factors for PFAS
degradation: (1) vulnerable C—F bonds in the middle of long
fluoroalkyl chains, (2) weak @ C—F bonds in PFCAs, and (3)
the dissociation of C—S bonds in PFSAs.”

Implications to PFAS Degradation Research and
Engineering. Our experimental results collectively suggest
that the use of iodide in UV/S + I significantly benefits PFAS
degradation by (i) increasing the concentration of e, (Figure
6a) and (ii) increasing the utilization of sulfite (Figure 7b).
Mechanistic probing experiments (Figures 3—5) identified
similar transformation pathways at much higher rates by UV/S
+ I than by UV/S. While all reaction steps were significantly
accelerated upon the addition of I7, the maximum deF%
remained the same. The consumptions of both electricity
(Figure 2 and Table 1) and chemical (Figure 7) by UV/S + 1
are significantly lower than those by UV/S. Although the
results have established a highly efficient photochemical system
and provided mechanistic insights to the best of our current
research capability, this single report cannot cover all details
from fundamental understanding to practical application. For
example, the interactions between various sulfur and iodine
species are much more complex than the proposed, as shown
in egs 5—15.7*%% However, a comprehensive and accurate
reaction network modeling can be established upon deeper
understandings of reactions for individual reactive species with
PFASs and their TPs. Further elucidation of PFAS degradation
pathways and mechanisms should be prioritized for future
research efforts. After all, we have provided detailed data sets
that confirm UV/S + I as a potential engineering solution for
PFAS destruction. Although iodinated gaseous products were
reported in earlier studies using UV/L,™ the accumulation of
polar iodinated organics from UV/S + I treatment is less likely
because (i) C—1I bonds are highly vulnerable to e,,~ reduction
and UV photolysis** and (ii) RIS are rapidly scavenged by
SO,*".

For PFAS degradation technology development, we high-
light the importance of investigating a broad range of
structures rather than the legacy PFOA/PFOS. We have
shown that the reactivity of PFAS hi§hly depends on the chain
length and functional groups.””*>*” This study provides an
example of using the highly challenging C4 PFBS as the probe
for technology development. As expected, the optimized UV/S
+ I system exhibits significantly enhanced performance for all
PFCAs and C6 and C8 PFSAs. Still, like UV/S, the UV/S + I
system is mechanistically limited for treating short-chain
fluorotelomers.*® Thus, oxidation is required both before and
after the UV/S + I treatment to ensure efficient and complete
defluorination of most PFAS pollutants.”® NOM and other
potential inhibiting species in real “still bottom” brines will also
be addressed in our near-future study on sequential treatment
strategies.

Lastly, iodide is a relatively expensive chemical enriched
from seawater, but we do not consider the cost of iodide as a
major barrier for practical applications of UV/S + L The
volume of waste brine from ion-exchange resin regeneration is
minimal. The real cost of both the electricity and chemicals for
PFAS destruction in the waste brine is to be divided by the
large volumes of drinking water or groundwater treated by ion
exchange. However, when iodide recycling is necessary, iodine
species in the treated brine can be rapidly transformed into
either I~ (e.g,, eqs 12—15) or I, (e.g, by H,0,)*® for facile
separation. I” has a much higher affinity to ordinary anion
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exchange resins than common anions (e.g,, F~, Cl7, $O,*7, and
HCO,7/C05*"),”” and I, can be extracted by common organic
solvents from water. For example, at 25 °C the solubility of I,
in diethyl ether (25 wt%) is substantially higher than that in
water (~300 mg/L).”®
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