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The initial reduction dynamics of perfluoroalkyl substances (PFASs) by the hydrated electron, e,q ", is a topic
of great interest and importance due to the pervasive environmental presence of PFAS in soil and waters and
the need to remediate the contamination. Understanding how PFAS behaves in water, including the
potential effect of aggregation on the apparent PFAS reduction rate constant (kpras) is, therefore, of
paramount importance. In this publication we re-examine the proposition that submicellar aggregation
decreases the apparent kpras for sodium perfluorocarboxylates of varying chain lengths (NaPFxA, x =
number of carbons in the PFAS backbone, ranging from 4 to 8) using transient absorption spectroscopy.
We compare the dynamics for e,y quenching by NaPFxA in aqueous solutions of ferrocyanide,
Fe(CN)g*~, and sulfite, SOz2~. The results demonstrate that the apparent rate constant depends on the
choice of e,q~ precursor. We demonstrate that the ionic strength of the solution and the counterion of
the PFxA salt both affect the measured rate constant of PFAS reduction by e,q. The results presented
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here help to better understand PFAS degradation by advanced reduction processes.

Advanced reduction processes (ARP) have proven to be quite effective at the destruction of PFAS and other contaminants in tainted waters. However, the
processes underlying the reduction of PFAS by hydrated electrons (formed by the UV-excitation of appropriate ions capable of carrying out ARP, like sulfite) are

still poorly understood; particularly, the early processes related to the initial reduction of PFAS. Until now, studies utilizing fast spectroscopic techniques like
nanosecond transient absorption spectroscopy to elucidate the dynamics between the hydrated electron and PFAS have used ferrocyanide instead of sulfite as

the electron donor for a variety of reasons with the assumption that the electron precursor has little effect on the reaction between the hydrated electron and
PFAS. In this study we demonstrate that this assumption may not hold true and explore ionic strength effects, as well as counterion effects, to try to pinpoint the

factors that make the fast reaction occurring in solutions of ferrocyanide and sulfite so vastly different. We argue that perfluoroalkyl carboxylates (PFxA) tend to
aggregate in water at concentrations well below the critical micelle concentration. Furthermore, the concentration of sulfite needed to effectively carry out ARP

for practical degradation of contaminated waters shifts the PFxA equilibrium towards aggregation. The implication is that the [PFxA] used in typical degradation
studies found in the literature are primarily in some aggregated state. Therefore, the degradation models proposed thus far require revision to include the

aggregation of PFxA and the role of aggregation in modulating reactivity with hydrated electrons.

Introduction

Groundwater contamination by poly- and perfluoroalkyl
substances (PFAS), such as perfluorooctanoic acid (PFOA in the
literature, PF8A here), has garnered significant attention due to
their potential adverse health effects. Historically, PFASs were
used as particularly effective components in firefighting foams,*
however their ubiquitous use now extends beyond fire
suppression® for their exceptional thermal and electrochemical
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stability arising from the strength of the C-F bond (e.g
~127 keal mol ™, 5.5 eV for C,Fg).* Not coincidentally, decon-
tamination efforts aimed at removing PFAS from the environ-
ment have proven challenging due to these same chemical
properties.®

UV-irradiation of solutions containing sulfite (SO;>~) under
alkaline conditions (pH > 8) efficiently degrades PFAS by
producing hydrated electrons, e,q , that are photodetached
from SO;>".*® This process has become the prototype of so-
called ‘Advanced Reduction Processes’ (ARP) for high energy
reductive decontamination of tainted waters. The large stan-
dard reduction potential (—2.9 V)° of the e,y is nearly iso-
energetic to the potentiometric biases required for the
defluorination reaction of many perfluoroalkanes (e.g
Eppga ~ 2.5 Vvs. SHE  and  Epp<3.2 V vs. SHE).1*
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However, most of the work reporting on the fast reaction
dynamics of the reduction of PF8A by e,, has been done in
solutions of ferrocyanide (Fe(CN)s*") rather than SO;>~.*>8

Fe(CN)e*~ is a well-studied precursor for generating
solvated electrons via photodetachment.**>* It is an attractive
alternative to SO;>~ for modelling the behaviour of e,q~
quenching by PFAS, particularly in the absence of Brgnsted
acids. Unlike SO;>~ (pKp = 6.8), Fe(CN)s* ™ is aprotic at pH >
4.3 and has a 100-fold larger molar extinction coefficient (¢) at
the 254 nm excitation wavelength (SO;*" eys4nm ~
50 M~ ' em™; Fe(CN)g*™ e250nm ~ 5000 M~ cm™1).2428
Ferrocyanide also has a high photodetachment quantum
yield, even in the near UV.* In particular, the quantum yield
of e,q~ formation (@) from Fe(CN)s"~ approaches unity as the
excitation wavelength decreases (SO;>~ @, ~ 0.1 at 254 nm
excitation, pH 8; Fe(CN)s*~ &, ~ 0.65 at 254 nm excitation,
pH 8).2

SO;>~ and Fe(CN)s'~ are not unique in their ability to
undergo photoinduced ionization to produce e,q . Other
photochemically active anions also produce e, and have been
used in ARP for the degradation of PFAS. Examples include
ethylenediaminetetraacetate (EDTA*"),* ionic indole deriva-
tives,* as well as iodide (I”) solutions that produce e,q~ in both
the absence and presence of SO;>.3-3

We previously reported that the apparent rate constant
measured for e, quenching by PF8A can be underestimated at
high concentrations (above ~1 mM) due to surfactant aggre-
gation® including micellization above ~30 mM. Aggregation of
PF8A results in a decrease of the monomeric quencher
concentration and appears to reduce the apparent e,q
quenching rate constants.®

As mentioned above, the majority of transient studies
probing PFAS reduction dynamics by the e, have been carried
out in solutions of Fe(CN)s'~ due to the reasons already out-
lined. This assumes that the initial reduction of PFAS by e, is
independent of the source of the e,q . However, this assump-
tion omits other factors that could potentially modulate e,q
reactivity with PFAS. Due to the differences in the photophysical
properties of the various electron donors and the solution
conditions required to optimize the degradation of contami-
nants by ARP, it is imperative to characterize the reduction
dynamics of PFAS in each case. In this report, we challenge the
supposition that the dynamics of ARP are independent of the
€aq donor, find clear differences between processes carried out
in solution of Fe(CN)s"~ versus SO5>~, and present evidence that
suggest that these differences are due to differences in the
aggregation state of the PFAS induced by the respective solution
conditions. The evidence presented here suggests that these
differences are, in part, due to ionic strength effects that affect
not only the apparent quenching rate constants resulting from
well-known screening affects, but also promote submicellar
aggregation of PFAS at low concentrations. In addition to the
transient absorption studies used to characterize the quenching
rate constants, concentration-dependent UV-visible absorption
spectra were measured and provide corroborating evidence of
aggregation.
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Experimental

All chemicals were used as received without further purifica-
tion. Sodium sulfite (Na,SO;, 98%) was obtained from Alfa
Aesar. Potassium ferrocyanide trihydrate was obtained from
Sigma Aldrich and Alfa Aesar at different levels of purity
(>99.95%, >99.5%, and >98.5%). Sodium perfluorooctanoate
(NaPF8A, 95%) was obtained from Strem. Sodium per-
fluoroheptanoate  (NaPF7A, 95%) and sodium  per-
fluoropentanoate (NaPF5A, 95%) were obtained from Matrix
Scientific. Sodium perfluorohexanoate (NaPF6A, 95%) and
sodium perfluorobutanoate (NaPF4A, 95%) were obtained from
Combi-Blocks, Inc.

Sample preparation

Stock solutions of Na,SO; and K,Fe(CN), were freshly prepared
before each analysis. Samples used for transient absorption
experiments were prepared in a standard 1 cm pathlength
quartz cuvette and consisted of either 10 mM Na,SO; or 40 M
K,Fe(CN)¢ in 40 mM borate buffer® (pH ~ 10) by the appro-
priate dilution of the stock solutions. Dissolved O, was removed
by sparging with N, and samples were kept de-aerated by
maintaining a dynamic headspace of N,. Stock solutions of
NaPFxA, where x is the number of carbons comprising the
perfluoroalkyl backbone, were prepared at a concentration of
either 80 mM or 500 mM.

UV-visible absorption

Steady-state UV-visible absorption spectra were obtained using
a PerkinElmer Lambda 1050 UV-vis spectrometer. Spectra were
collected between 190 nm and 400 nm either in neat water or
aqueous 1 M NaCl solutions. No K,Fe(CN)s or Na,SO; were
added in these experiments. Aliquots of the NaPFxA stock
solutions were added to 2 mL neat water or 1 M NaCl and the
absorbance at 230 nm was monitored.

Nanosecond transient absorption

Nanosecond transient absorption (nsTA) measurements were
performed on an Edinburgh LP980K where the pump and probe
were quasi-collinear. Samples were irradiated with a 254 nm
laser pulse (pulse width < 7 ns) using an Ekspla NT340B optical
parametric oscillator. Each transient shown represents the
average of at least 5 shots. Sample solutions were continuously
stirred at 800 rpm using a Quantum Northwest Luma 40 ther-
mostatted cuvette sample holder while maintaining a dynamic
headspace of N, during the acquisition of the e,q " lifetimes. All
transient data obtained were analyzed using OriginPro
software.

Ionic strength correction

The observed decay rates obtained from monoexponential fits
of the kinetic traces were corrected for the ionic strength (u) of
the solution,

M= % ZCiZi2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where ¢; is the concentration of ion i and Z; is the charge of the
ion, with each addition of PFAS according to*~*

12

log kobs = log ky—o + 1.02Zpras Z. Ttau’

where ks is the observed e, decay rate, k,—, is the e, decay
rate at zero u, Zppas and Z are the charge on the PFAS and e,q
respectively, and a is a parameter related to the contact distance
() between the interacting species; if <3 A a = 1, whereas a = 3
for r > 3 A.3** The contact distance r between PFAS and €yq 18
estimated as the sum of their hydrodynamic radii. The radii
have been estimated from their diffusion coefficients, Dj,
according to

kT
- 6TC’I]Di

T

The diffusion coefficient for e,4~ is reported to be 2.5 x 107°
cm?® s (r = 1.5 A),* and determined by us for PF8A to be 4 x
10~°cm? s (r = 4 A) using *°F DOSY NMR (see ESI, Fig. 51 and

B
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S2%). We, therefore, chose a = 3 to correct the observed decay
rates (Fig. S31).

Results and discussion

Irradiation of aqueous solutions containing either Na,SO; or
K,Fe(CN)e with a 254 nm, <7 ns pulse produces a positive
absorption on the microsecond timescale at 720 nm, which
corresponds to the formation and decay of the e,y .*'™* In
40 mM borax (pH ~ 10), the lifetimes obtained for the e,q~
produced from a 10 mM solution of Na,SO; or a 40 uM solution
of K,Fe(CN), in the absence of NaPFxA (z,) are 28 + 6 ps and 11
+ 3 ps (Fig. 1), respectively.

€.q quenching by NaPF8A in Fe(CN)s*~ and SO;>~

NaPF8A was added stepwise to aqueous borate solutions con-
taining either 40 pM Fe(CN)*~ or 10 mM SO,>~ and the tran-
sient decays at 720 nm were recorded upon excitation at 254 nm
to probe the interaction of e, with NaPF8A. The transients
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Fig.1 (A) Transient lifetime decay of the e, in 40 mM borate solutions of 40 pM KsFe(CN)g in the absence (black) and presence of 160 uM (red),
1.2 mM (blue), 5.6 mM (green), and 10 mM (purple) NaPF8A. (B) Modified Stern—Volmer plot of the e,q~ lifetime rate as a function of the [NaPF8A].
(C) Transient lifetime decay of the e, in a 40 mM borate solution of 10 mM Na,SOsz in the absence (black) and presence of 180 uM (red), 1.8 mM
(blue), and 5 mM (green) NaPF8A. (D) Modified Stern—Volmer plot of the e, lifetime data presented in panel (C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obtained at 720 nm with each addition of NaPF8A were fit to
a monoexponential decay function. In the presence of NaPF8A,
an increase in the e, decay rate was noted in solutions of both
SO;>" and Fe(CN)¢*~ (Fig. 1). The apparent bimolecular rate
constant, knaprga, for the initial interaction of NaPF8A and the
€aq Was determined from the decrease in the e, lifetime with
increased [NaPF8A]. The rate expression corresponding to the
diffusional quenching of e,;~ by NaPF8A monomers resulting
in the reduction of NaPF8A according to reaction 1,

NaPF8A + e, 2™ NaPF8A - (1)
is:
dle™
— [d? ] = ko —Q—kNangA[NaPFSA} (2)

where k, is the e,q  decay rate in the absence of NaPF8A, and
corresponds to the reciprocal of the lifetime of the e, (ko =7, ')
in the absence of a quencher, and knaprsa is the apparent rate
constant for the reduction of NaPF8A according to reaction 1. The
data are presented according to the Stern-Volmer formalism

To

=1 + knaprsa[NaPF8A]z, (3)
TNaPF8A

where 7, has the same meaning given above and tyaprsa is the

lifetime of the e,y in the presence of NaPF8A and assumes

diffusional oxidative quenching of e, by NaPF8A according to

eqn (1).

In Fe(CN)'", the e,  decay rate depends linearly on
[NaPF8A] for [NaPF8A] < 1 mM with a kyaprsa Of ~3.3 x 105 M ™"
s~!. However, the €,q decay rate becomes nonlinear for
[NaPF8A] > 1 mM. These results are consistent with our previous
results,'® which we attributed to the submicellar aggregation of
NaPF8A. We will note that others have reported on the
propensity of PF8A to form premicellar aggregates. For example,
Sarmiento, et al.**** invoked this process to explain changes in
the partial molar volume in aqueous solutions of LiPF8A at
submicellar concentrations.

Szajdzinska-Pietek and Gebicki*® reported radiolysis data
that also exhibited two distinct linear regimes in the depen-
dence of the e, decay rate as a function of the concentration of
ammonium perfluorooctanoate, NH,PF8A, in water at
[NH,PF8A] between 5 mM and 40 mM. In their work, they re-
ported a discontinuity that occurs near the critical micelle
concentration (~30 mM).

We previously developed a kinetic model for the e, decay
rate dependence on [NaPF8A]* that included e,q~ quenching
terms by both NaPF8A monomers according to reaction 4 and
aggregates assuming that the only configuration of the aggre-
gates are dimers according to reaction 5.

PFSA™ + e,y " PFSA" (4)
(PF8A™), + eyq™ 2% (PF8A ™), (5)

The fits reported were restricted to [NaPF8A] < 2 mM to
isolate the dynamic concentration range in which monomers

1644 | Environ. Sci.: Adv, 2023, 2, 1641-1650
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and dimers are presumed to dominate the population of
NaPF8A. Although adequate fits of the data < 1 mM NaPF8A
were obtained using the model, it was stressed that the PF8A
aggregation is likely complex and involves a wide range of
aggregation states. We, therefore, will refrain from invoking the
dimerization model here and, instead, report knaprsa based on
linear fits over regions in which the concentration dependence
is nearly linear (e.g. [NaPF8A] < 1 mM, 1 mM < [NaPF8A] <
10 mM, and [NaPF8A] > 10 mM). From this point on, [NaPF8A]
refers to the total concentration of NaPF8A rather than dis-
tinguishing between monomers and aggregates; as a result, the
reported knaprsa are likely lower than the actual values for the
bimolecular rate constants.

A linear fit of the data in 40 mM borate at [NaPF8A] < 1 mM
yields a knaprsa = (2.0 & 0.9) x 10°* M~ s™', which is approxi-
mately a factor of 3 smaller, but on the same order of magnitude
as the result previously reported at concentrations below 200
UM in neat water, (7.1 £ 0.6) x 10° M~ s7".'” The reaction
conditions here differ from those of our previous reports due to
the presence of borate, which buffered the sample solutions at
pH 10. Repeating the experiment where aliquots of NaPF8A
were added to a solution of Fe(CN),*~ in neat water (Fig. S3BT)
yields a kyaprsa = (5.5 £1.6) x 10 M~ ' 57! at [NaPF8A] < 1 mM,
which is in excellent agreement with our previous results."”*®
The reason for the near 3-fold decrease in knaprga in borate is
not readily apparent and outside the scope of this study.

Linear fits at 1 mM < [NaPF8A] < 10 mM yield a kyaprga Of
(5.9 £2.0) x 10" M~ ' s7!, which is in agreement with previous
results reported by us' and by Szajdzinska-Pietek and
Gebicki®® (e.g., 5.1 x 10" M~ " s7") for [NH4PF8A] < 30 mM, but
still about five times greater than the (1.7 + 0.5) x 10’ M *s™*
value reported by Huang, et al'® Linear fits of the data at
[NaPF8A] > 10 mM yield a knaprpsa Of (2.4 £ 0.7) x 10° M ' s,
which is within experimental error of the aforementioned
results reported by Huang et al.*® and in good agreement with
the 1.3 x 10’ M ' s~ " value reported by Szajdzinska-Pietek and
Gebicki*® for [NH,PF8A] > 30 mM, above its critical micelle
concentration, CMC.

The reduction of PFxA by e,q is believed to proceed by one
of three mechanisms: the associative (reaction 6), concerted
dissociative (reaction 7), or stepwise dissociative mechanism
(reaction 8). Due to experimental limitations, the dominant
mechanism driving PFAS reduction and defluorination has yet
to be positively identified. As such, a good deal of theoretical
work has been dedicated to disentangling these fast initial

reactions.*>*->*

RCF,COO™ + ¢,; — RCF5(CO0")" (6)
RCF,COO™ +¢,;~ — RC'FCOO™ + F~ 7)
RCF,COO™ +¢,;” — [R(CF,) COO] (8a)
[R(CF,) COO] » RC'FCOO™ + F~ (8b)

Daily and Minakata® used density functional theory to
calculate the one electron reduction potentials corresponding

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of knapexa Obtained in agueous solutions of ferrocyanide and sulfite

JN— (M” 5*1) Literature
40 uM Fe(CN),"~  [NaPFxA]<1mM 1 mM <[NaPFxA]<10 mM  [NaPFxA]>10 mM  [NaPFxA] > 5 mM Ref.
NaPF8A (2.0 £0.9) x 10° (5.9 & 2.0) x 10’ (2.4 £0.7) x 107 (1.7 £ 0.5) x 107 16
NaPF7A (7.7 £ 2.0) x 107 (2.5 £ 0.4) x 107 (1.9 £ 0.4) x 107
NaPF6A (9.8 +2.0) x 107 (3.3 £0.3) x 107 (2.4 £0.3) x 107
NaPF5A (6.7 &+ 1.6) x 107 (1.5 £ 0.3) x 107 (1.3 £0.1) x 107
NaPF4A (1.0+0.2) x 107 (3.7 £ 0.2) x 107 (2.5 £ 0.3) x 107 (7.1 4 0.3) x 10% (1.3 £ 0.1) x 10" 15 and 16
10 mM SO;*~ naprca M1 s7Y)
NaPF8A (5.6 £ 0.2) x 107
NaPF7A (2.0 £ 0.1) x 107
NaPF6A (2.9 £ 0.2) x 107
NaPF5A (1.0 £ 0.1) x 107
NaPF4A (2.0 £ 0.2) x 107

to reactions 6-8 for PF4A, PF6A, and PF8A among other organic
compounds. From the theoretical reduction potentials the
authors then calculated the predicted rate constants for
reduction and found that for PF8A the associative and
concerted dissociative mechanisms are expected to proceed
with a rate constant of 5.8 x 10° M *s 'and 1.7 x 10’ M ' s,
respectively. These predicted values are in excellent agreement
with our results in neat aqueous solutions of Fe(CN)s* ™ at
[NaPF8A] < 1 mM and >10 mM, respectively, and in very good
agreement with solutions of Fe(CN)¢*~ in borax (Table 1) in the
same concentration ranges.

We note that a recent study has disputed the nonlinearity
observed by us for e, quenching in solutions of Fe(CN)*~ at
PFAS concentrations < 1 mM." In order to verify that our
observed trend is not due to impurities in our commercially
obtained K,Fe(CN)s, we performed the same experiment where
aliquots of NaPF8A were incrementally added to aqueous
solutions (in the absence of borate) of K,Fe(CN), obtained from
two different suppliers and three different degrees of purity. We
found the trend and results, particularly at [NaPF8A] < 1 mM, to
be virtually indistinguishable between the three data sets
(Fig. S3BY).

Interestingly, the interactions between e,,~ and NaPF8A are
quite different in 10 mM SO,>~ solutions compared to Fe(CN)"~
over similar [NaPF8A]. Upon addition of NaPF8A to 10 mM
S0;>", negligible e, lifetime quenching was observed below
200 pM. At [NaPF8A] > 200 uM, however, the e,,~ decay rate
increases linearly with [NaPF8A] up to 10 mM and has a kxaprsa
of (5.6 £0.2) x 10" M~ " s~ ", which correlates well with the values
obtained here for the kyuppga in 1 MM < [NaPF8A] < 10 mM
solutions of Fe(CN)s"". A nonlinear dependence of the e,
decay rate on [NaPF8A] is also observed in solutions of 1 mM KI
(Fig. S4t) in neat water; however, the dependence of the e,y
decay rate on [NaPF8A] becomes increasing linear when the
concentration of KI is increased. The kyaprga between 1 mM <
[NaPF8A] < 10 mM was also observed to decrease from 5.9 x 10’
M 's'in1 mMKIto 3.5 x 10° M ' s in 10 mM KI. Moreover,
a significant difference in the ky,prsa Obtained between 1 mM <

© 2023 The Author(s). Published by the Royal Society of Chemistry

[NaPF8A] < 10 mM was noted when comparing results in 10 mM
KI and 80 uM indole to 40 uM Fe(CN)s*~ and 10 mM SO;>".

Effect of NaPF8A on the absorption spectrum of e,q

We recorded the e, spectrum in Fe(CN)s"~ and SO,>" solu-
tions both with and without 4 mM NaPF8A (Fig. 2). The e,y
spectrum is unaffected by the presence of NaPF8A suggesting
that the solvent properties are unperturbed. It is known that the
transition energy of e, depends on the solvent and is, there-
fore, sensitive to the differences in its local environment.?>-
These differences manifest in a shift of the wavelength of the
€,q absorption maximum. For example, excitation of aqueous
Triton tx-165 at concentrations above its CMC results in the
formation of two distinct populations of e, evidenced by the
presence of two absorption maxima located at 720 nm and
630 nm that respectively correspond to e,q in water and in the
less polar micellar interior.>* Here, the e,q displays an
absorption maximum at 719 nm and 717 nm in solutions of
Fe(CN)s*~ and SO;>, respectively, in the absence of NaPF8A. In
the presence of 4 mM NaPF8A, no shifts were observed for the
eaq absorption maxima in solutions of Fe(CN)s"~ and SO;*~
suggesting that perturbations to the physicochemical proper-
ties of the solvent are negligible up to 4 mM NaPF8A.

Salt effect on the NaPF8A reduction rate constant

Increased salt concentration and ionic strength are known to
promote aggregation and lower CMC values.>**® To determine the
effect of ionic strength on the measured rates constants, we
incrementally added aliquots of NaPF8A into solutions of
Fe(CN)e"~ and SO;>~ containing 1 M NaCl (Fig. 3). In solutions of
Fe(CN)s"'~, the presence of 1 M NaCl results in a more
pronounced deviation from a linear dependence of the e, decay
rate with [NaPF8A] and the knaprsa values at [NaPF8A] <1 mM and
1 mM < [NaPF8A] < 10 mM are (1.3 + 0.3) x 10°M ' s " and (4.1
+ 0.5) x 10" M ' 57, respectively. The kyaprsa Obtained at
[NaPF8A] < 1 mM in the absence and presence of 1 M NaCl are
found to agree within experimental error. However, at 1 mM <
[NaPF8A] < 10 mM, addition of NaCl induces a nearly two-fold
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decrease in the knaprsa. Interestingly, the addition of 1 M NacCl to
solutions of SO;>~ resulted in a nearly negligible decrease in
knaprsa to (4.2 £0.8) x 10” M~ s~ (Fig. 3).

There is less of an effect from adding NacCl to the 10 mM
S0,>~ because it has a higher initial ionic strength than that of
the 40 uM Fe(CN)s"~ so the former is less susceptible to addi-
tional increases in the ionic strength. Increasing the NaCl
concentration promotes NaPF8A aggregation but the effect is
reduced in sulfite solution because the ionic strength is already
high. This interpretation is corroborated by the trend observed
in varying concentrations of KI with NaPF8A (Fig. S47T) in which
the non-linearity of the data decreases with increasing [KI] and,
as a result, the solution ionic strength (vide supra). The results
obtained at high [NaCl] lend further support to this proposal. As
noted earlier, the critical micelle concentration is known to
decrease with increasing ionic strength.>>*® Analogously, we
believe that the interactions between PFAS monomers increase
with increasing ionic strength shifting the equilibrium from
monomers to aggregates.

1646 | Environ. Sci.. Adv, 2023, 2, 1641-1650

Effect of PF8A counterion on e, quenching

Counterions are known to affect surfactant aggregation.>”*®
For example, Lunkenheimer, et al. demonstrated a decrease in
the CMC of various PF8A salts following the series Li" > Na* >
K" >NH4" > Rb" > Cs".5"° We, therefore, investigated whether
there were differences between Na™ and NH," cations on the
eaq quenching behavior of PF8A in Fe(CN)s'~ and SO,>~
solutions. Results of NH,PF8A and NaPF8A quenching using
Fe(CN)¢*~ and SO,>" as precursor are shown in Fig. 4. In
Fe(CN)¢*~ solutions the dependence of the e, decay rate was
lower for NaPF8A than for NH,PF8A at 1 mM < [XPF8A] <
10 mM which is consistent with more aggregation in the
former. We found that the kxppgs (Where X is either Na* or
NH,") was 3-4 times greater for NH,PF8A, (2.0 & 0.1) x 10°
M ™" s than for NaPF8A, (5.9 & 0.2) x 10’ M~ ' s~'. We believe
the difference in the kxprga Observed between Na" and NH, " are
related to differences in the interaction strength between the
carboxylate head group of PF8A and the counter ion. We
should note that the radius of hydration differ between Na*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and NH," which may also contribute to the differences in the
observed trends;*® however, the nature of the contribution is
uncertain at this time. Interestingly, in solutions of Fe(CN)*~
the dependence of the e, decay rate on [NH,PF8A] displays
a larger deviation from linearity in the presence of 1 M NacCl
(Fig. S57) likely due to cation exchange in excess Na'. In
solutions of SO;>~, we found that the kyppsa Was similarly
larger by a factor of 3-4 for NH,PF8A, (1.8 + 0.1) x 105 M s !
compared to NaPF8A, (5.6 + 0.2) x 10" M~ ' s %

€.q quenching by NaPFxA

In addition to NaPF8A, we also examined NaPFxAs of other
chain lengths, where x corresponds to the number of carbons
comprising the PFAS backbone (x = 8, 7, 6, 5, and 4). In each
case we found a nonlinear dependence of the e, decay rate on
[NaPFxA] in Fe(CN)g*~ solutions (Fig. 5). Although the data are
nonlinear in Fe(CN)s"~, suggesting aggregation with increasing
[NaPFxA] in all cases, we will direct our attention to the kxaprxa
at 1 mM < [NaPFxA] < 10 mM for comparison to the data ob-
tained in SO;*>. In both Fe(CN)s'~ and SO;> a general

decreasing trend is observed for the knaprxa in the range 1 mM <
[NaPFxA] < 10 mM with decreasing chain length, which is in
good agreement with the trend that has been reported in the
literature for the initial reduction of PFxA.* We will note that
although the kyaprsa Obtained by us in Fe(CN)s*™ (6.6 x 10" M~
s Y and SO;> (5.6 x 10’ M~ ' s ') at [NaPF8A] > 1 mM are 3-4
times greater than the 1.7 x 10" M~' s™" value reported by
Huang, et al.*® they are in very good agreement with the 5.1 x
10" M~ ' s~ value reported by Szajdzinska-Pietek and Gebicki*®
in the concentration range of 5 mM < [NH,PF8A] < 30 mM. We
have previously'® pointed out that the rate constant reported by
Huang, et al.* is in very good agreement with the 1.3 x 10" M ™"
s~ ' rate constant reported by Szajdzinska-Pietek and Gebicki*®
at [NH,PF8A] above the CMC ~ 30 mM.

Steady-state absorption spectrum of NaPFxA

A number of experimental techniques have traditionally been
used to monitor aggregation in solution, particularly vis-a-vis
surfactant aggregation and micelle formation, including
surface tensiometry, conductivity, steady-state absorbance and
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fluorescence spectroscopy. In the case of absorbance and fluo-
rescence spectroscopy, due to the low molar extinction and
fluorescence quantum yields of many surfactant molecules,
surfactant aggregation is typically estimated with the help of
solvatochromic reporters or hydrophobic chromophores that
preferentially partition within the hydrophobic core of micelles.
However, despite the low molar extinction of many surfactants,
we believe that deviations from linearity of the absorbance of
the surfactants in water may be observed and would be indic-
ative of aggregation (Fig. S61).>

As a demonstration that surfactant absorption can be used to
identify aggregation, steady-state spectra were measured for
aqueous solutions with increasing amounts of NaPFxA up to
40 mM. At low concentrations of NaPF8A (<100 uM), the spec-
trum obtained is relatively featureless at wavelengths > 200 nm
(Fig. 6). A shoulder centered at ~210 nm emerges at ~100 pM
NaPF8A and increases in prominence with increasing [NaPF8A].
At [NaPF8A] > 2 mM, another shoulder is observed centered at
~255 nm; at much higher concentrations another feature is
observed at ~288 nm. A small deviation from linearity in the

View Article Online
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steady-state absorption is observed between 5 mM and 40 mM
(as shown in the inset of Fig. 6). The first derivative plot of the
absorbance at 230 nm with respect to the [NaPF8A] displays an
inflection point between 30 mM and 38 mM,; this is consistent
with the reported CMC values between 33 mM and 36 mM for
NaPF8A.**® When adding NH,PF8A to neat water up to 10 mM,
we observed only a feature at 210 nm up to 10 mM.

Results similar to those for NaPF8A were observed for other
NaPFxAs up to 10 mM. In all cases, a prominent inflection point
in the steady-state absorbance data of aqueous NaPFxA solu-
tions was observed at [NaPFxA] < 0.5 mM, well below the
respective CMCs, which we attribute to the formation of pre-
micellar aggregates (vide infra)."®*** 1t is interesting that this
inflection feature occurs at nearly the same concentration for
each NaPFxA when the CMCs are very much chain length
dependent and vary in magnitude by a considerable amount
suggesting that premicellar aggregation is less influenced by the
chain length and dominated by some other property.®>*® It is
also noteworthy that, although absent in the transient absorp-
tion data in solutions of SO;>~, deviations from linearity in the
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Fig. 6 (A) Steady-state absorbance of aqueous solutions (in the absence of borate, Fe(CN)g*~, and SOs27) at concentrations of NaPF8A
increasing from 40 pM to 40 mM. (B) First derivative of the steady-state absorbance at 230 nm as a function of the concentration of NaPF8A
between 5 mM and 40 mM. The dotted red line is the CMC value reported for NaPF8A in ref. 60. (C) Steady-state absorbance at 230 nm as
a function of the concentration of NaPF8A (black) and NH4PF8A (red) up to 10 mM; the inset shows the first-derivative of the same data between
0 mM and 2 mM. (D) Steady-state absorbance at 230 nm as a function of the concentration of NaPF8A (black), NaPF7A (red), NaPF6A (blue),
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observed e, decay rates as a function of [NaPFxA] in solutions
of Fe(CN)g*~ occur at nearly the same concentrations lending
more weight to the argument that the trends observed in the
transient absorption data in solutions of Fe(CN)s*~ are due to
aggregation effects. We believe that the latter is not coincidental
and that the physical process inducing the nonlinearity in the
steady-state absorbance is the same process that underly the
trend in the transient absorption data in solutions of Fe(CN)g*;
namely, submicellar aggregation of NaPFxA.

Conclusions

Although the biomolecular rate constants for the quenching of
the e, by PFAS were previously assumed to not depend on the
identity of the e, photodetachment precursor, in actuality the
measurement of the reaction kinetics are complicated by
several factors. Here, nanosecond transient absorption spec-
troscopy was used to measure apparent rate constants, knaprxa,
for NaPFxA quenching of the e, with ferrocyanide and sulfite
precursors in water. The results herein demonstrated that ionic
strength and cation identity effects carry significant ramifica-
tions for PFAS reactivity with the e, due to their influence on
submicellar surfactant aggregation.

We found that the kyaprsa for e,q~ quenching by NaPFxA is
not constant over the quencher concentration range for
ferrocyanide. Additional studies were carried out to demon-
strate the aggregation of NaPFxA, even below the CMC. Ionic
strength is known to not only influence the measured rate
constants for e,,~ due to electrostatic screening, which we
accounted for, but it can also influence aggregation, as shown
here. The results of other measurements further corroborate
our interpretation that aggregation explains the anomalous,
concentration-dependent rate constant values. The e, decay
rate was also found to vary when the PFxA counterion was
changed in a manner consistent with aggregation. Steady-state
UV-visible spectra of NaPFxA without ferrocyanide or sulfite
(or borate) deviate significantly from the Beer-Lambert law
well below their CMC, which is yet another indication of
submicellar aggregation of PFxA. The results here reinforce
our previous interpretation that PFxA exhibit strong aggrega-
tion tendencies, which should be taken into account to get
accurate rate constants when measuring solvated electron
quenching kinetics.
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