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Abstract

Perfluorinated alkyl acids, such as perfluorooctanoic acid (PFOA), are extremely persistent water
contaminants. Persulfate activation has already been described as a possible strategy for oxidizing
PFOA, although the reaction of sulfate radicals with PFOA is challenging in the presence of
common water constituents such as inorganic ions and natural organic matter, which strongly
compete for sulfate radicals. The present study investigated FeS-assisted heterogeneous activation
of persulfate for degradation of PFOA in water matrices. This approach breaks the dominance of
the bulk-phase competitors for sulfate radicals, thus PFOA is also degraded in the presence of
natural organic matter (up to 100 mg L"), CI- and NOs" (up to 100 mM). The hypothesis of
heterogeneous reaction is supported by kinetic isotope effect measurements and a change in
product pattern, and therefore a shift in participation of the various reaction pathways compared to
homogeneous PFOA degradation. Significant PFOA degradation was achieved at moderate PFOA
concentrations (coproa = 1 mg L!) over a broad range of reaction conditions, although it is most

efficient at higher reactant concentrations.

PFOA enrichment at the FeS surface is higher (Kp = 100 — 500 L kg'!) than expected for a mineral
with almost no inner surface; it seems to be the pre-requisite for reactions of radical consumers

near the FeS surface and in the water matrix to be partially decoupled from each other.

KEYWORDS: Perfluorooctanoic acid; heterogeneous; persulfate activation; iron sulfide; surface

enrichment



1 Introduction

In recent decades, per- and polyfluorinated alkyl substances (PFAS) have become a topic of high
relevance in environmental literature [1-5]. PFAS are on the one hand hydrophobic due to a long
fluorinated alkyl chain, but on the other hand they often show surfactant-like properties when
hydrophilic functional end groups are present. In contrast to conventional surfactants, PFAS are
reported as lipophobic but still were found to bioaccumulate. They are widely used in industrial,
commercial, and consumer applications, e.g. in polymer production, fire retardants, aqueous film
forming foams (AFFF), and oil- and water-repellent coatings. Due to this multitude of applications
as well as their high chemical persistence and bioresistance, PFAS have been determined
worldwide in inland waters at up to pg L-! concentrations [4]. Most of the attention has been given
to perfluorooctane sulfonate (PFOS) or perfluorooctanoic acid (PFOA), on which recent regulatory
measures were mainly focused [6]. In 2009, PFOA and PFOS were included as persistent organic
pollutants in the Stockholm Convention. They are found in groundwater bodies all over the world.
Especially in the proximity of sites where PFAS-containing AFFF were used for firefighting, the
concentrations in groundwater can reach the mg L range [7, 8]. Therefore, novel in-situ
remediation technologies are highly desirable in order to avoid long-term application of measures
such as pump-and-treat for protecting drinking-water catchment areas [9, 10]. In the literature,
numerous approaches for PFOA and PFOS removal from aqueous media are described, which can
be separated into two groups: adsorptive extraction and chemical degradation methods [11]. Some
examples for the latter strategy are sonolysis [12], electrochemical treatment [11, 13, 14],
photooxidation/photocatalysis [15-19], oxidation with sulfate radicals [20, 21] and reduction with
zero-valent iron in subcritical water [22].

However, most of these degradation approaches are not applicable to groundwater conditions. In

addition, some of the mentioned advanced oxidation processes (AOPs) are limited to degrading



perfluorinated carboxylic acids. The reaction mechanism is electron transfer from the anionic
PFAS head group to the oxidant, leading to gradual breakdown of these substances after reaction
with the head group [22, 23]. Hydroxyl radicals are not capable of performing such reactions, but
sulfate radicals are [24, 25]. For perfluorinated sulfonic acids with lower electron density at the
head group, the literature provides contradictory information about the ability of sulfate radicals to
degrade them [23, 26]. Our own results lead to the conclusion that these compounds are not
degradable with sulfate radicals. However, the sulfonic acids are a problem of the past because
perfluorinated compounds have been replaced by polyfluorinated substitutes. These can be
biodegraded and perfluorinated carboxylic acids are usually formed. PFOA, as the most studied
perfluorinated carboxylic acid (and also the one with the regulatory requirements), was chosen in
this study to represent the class of perfluorinated carboxylic acids [27].

Sulfate radicals can be generated by activation of peroxydisulfate (PS, S,0g>), and have already
been applied for the degradation of persistent pollutants in water [28]. The most effective and
common activation methods for PS are UV radiation and enhanced temperature [29]. Additionally,
PS activation based on microwave irradiation and the presence of transition metals or carbon
materials has been reported [29-32]. Therefore, environmentally compatible iron species, such as
zero-valent iron, dissolved Fe?" and iron minerals, are worthy of attention for PS activation. The

reactions with iron metal and ferrous iron proceed according to egs. 1 and 2 [29, 33]:
Fe +2 S,04% = Fe?* +2 SO, + 2 SO4* (1)
Fe? + S,04* = Fe** + SO, + SO4* (2)

However, there are two significant disadvantages of persulfate activation driven by dissolved Fe?':
1) half of the persulfate oxidation capacity is consumed in the activation step, and ii) the ability of

Fe?" to quench the generated sulfate radicals with a high rate constant (k;) results in further losses



according to eq. 3. Therefore, Fe** can become a serious competitor to any (especially slow

reacting) pollutant to be degraded [34].
Fe?* + S04 2 Fe¥* + SO4* k3=99-108M-'s1[35] (3)

Recent studies report that FeS, due to its poor water solubility, can be used as a slow-releasing
source of dissolved Fe?" in low concentrations [34, 36-39]. Thereby, the assumption is made that
sulfate radical formation takes place exclusively by homogenous reaction according to eq. (2) [34,
36, 39]. However, in recent publications about FeS as PS activator, a heterogeneous activation
reaction with radical formation at the FeS surface and subsequent radical diffusion into the liquid
phase is discussed [37]. Thereby, catalytic activation of PS by surface-assisted homolytic bond
cleavage yielding two sulfate radicals is conceivable [40]. This means that activation with FeS as
catalyst has clear advantages over activation with dissolved iron, and offers in addition lower
treatment costs due to a catalytic activator and therefore higher radical yields. If PFOA is to be
degraded in natural and not in pure water, radical quenchers such as nitrate, carbonate, chloride
and organic matter, which all react faster with sulfate radicals than PFOA (kso4..+proa = 1.6 - 10*

M-1 51 [41]), have to be considered (see egs. 4-6) [35, 42, 43].

NO; + S0, > NO;” + SO, ky=105-10°M' 51 [35]  (4)
CO;2 + 804~ > CO;™ + SO ks=4.1-105M1s1[43]  (5)
Cl + S0, > CI' +SO,> ke = 108 M 571 [35] (6)

The adsorptive enrichment of PFOA on the FeS surface may compensate for its lower reactivity
towards sulfate radicals compared to the matrix components and offers a spatial separation of
PFOA enriched in the reaction zone (activator surface) and the more reactive competitors dissolved

in the water matrix. Therefore, application of crystalline FeS as activator offers two advantages: 1)



FeS releases only low concentrations of FeZ" with a low dissolution rate, and ii) sulfate radicals
y

arise at the surface in direct proximity to the adsorbed PFOA.

Based on the increasing demand for remediation approaches for PFOA-contaminated sites, a great
potential of FeS for PS activation for oxidative water purification can be derived. For this reason,
the oxidation system PS + FeS was examined for PFOA degradation under various conditions. The
aim of the present study is to demonstrate the feasibility that PFOA can be degraded using an iron
mineral, despite the fact that dissolved iron(Il) (omnipresent since the mineral dissolves) reacts
faster with sulfate radicals than with PFOA. This is seen as a big step forward and has not
previously been achieved. Another major aspect is to show the degradation capability of the FeS +
PS system with regard to PFOA in natural groundwater samples and in the presence of site

sediment.

2 Materials and methods

2.1 Sorption experiments

In order to determine the adsorption behavior of PFOA on crystalline FeS particles (Fluka,
technical grade, dso = 20 um, specific surface area SSAppr= 0.9 m? g-! measured by us, XRD Fig.
S1 in SI section), a particle concentration of 500 mg L-! (5.7 mM) and PFOA (Sigma-Aldrich, 96%)
concentrations between 0.1 and 20 mg L' (2.4 - 104—4.8 - 102mM) were adjusted in 30 mL PE-
vials at pH = 7 and at pH = 3. The samples were equilibrated for one week at room temperature by
continuous shaking. Subsequently, 1 mL of the suspension was filtered with a 0.2 pm syringe filter
(cellulose acetate membrane, Sartorius) and the freely dissolved concentration of PFOA was
measured with HPLC-MS (Shimadzu LC-MS2020 with Phenomenex Gemini® 3 pm Cg-Phenyl

110 A, LC Column 100 x 2 mm). Afterwards the vials were centrifuged, the supernatant discarded



and the particles extracted with methanol (Sulpelco, HPLC grade). The extracted PFOA was
measured with HPLC-MS in negative scan and SIM mode (m/z =413, 363, 313, 263, 213 amu for
PFOA and shorter chain acids, LOD =0.03 ug L' and LOQ = 0.06 pg L-"). The extraction recovery
was between 70 and 90 %, leading to an overall recovery (adsorbed + dissolved fraction) of around
95 %. The variation of the peak areas in the repeated measurement of one sample is <1 % and for

repeated experiments is on average 3.5 %.

2.2 Degradation experiments

All experiments were carried out at room temperature (22 + 2°C) and at least as duplicates. The

resulting error bars in the figures represents the deviation from the mean value.

2.2.1 Influence of the reaction conditions on PFOA degradation

In order to find optimal reaction conditions, PFOA degradation in matrix-free, deionized water was
performed, varying either initial PS, FeS or PFOA concentrations in 60 mL glass vials (Table 1).
Glass vials were used instead of PE-vials in order to minimize side reactions of sulfate radicals

with the reactor wall.

Table 1: Initial concentrations of PFOA, FeS, and PS in degradation experiments in 40 mL deionized water.

Variable Co,PFOA C0,PFOA Co,ps Co,ps CFes CFes
compound | [mg L] [mM] [g L] [mM] [mg L] [mM]
PFOA 1 to 2800 24-103t06.7 | 30 126 40 0.45

PS 2800 6.7 2t030 | 8.4to126 |40 0.45

FeS 2800 6.7 30 126 40to0 1000 | 045to11.4




Before starting the degradation experiments by PS addition, the aqueous suspensions were
inspected for their blank fluoride and free PFOA concentrations after reaching the sorption
equilibrium at the FeS particles. Fluoride was analyzed by means of ion chromatography (Dionex
IC DX 500, equipped with IonPac AS11-HC column, 4 x 250 mm; LOD = 0.05 mg L-! and LOQ
= 0.1 mg L) or an ion-selective electrode (F 800 DIN, WTW, Weilheim, Germany; LOD =
0.01 mg L' and LOQ = 0.1 mg L!), PFOA and shorter-chain PFAS (PFHA = Perfluoroheptanoic
acid, PFHxA = Perfluorohexanoic acid, PFPA = Perfluoropentanoic acid, PFBA =
Perfluorobutanoic acid) by HPLC-MS. PS (Na,S,0s, Carl Roth, >99%) addition to the solutions
marks the reaction start (#,). Over the reaction duration of one week, light was excluded by carefully
covering the glass reactor with black cloth. Aliquots of 1 mL were frequently taken, filtered with
0.2 um syringe filters and analyzed for their fluoride and PFOA concentrations as well as for

shorter-chain perfluorinated acids as expected degradation products.

2.2.2 Influence of the matrix compounds on PFOA degradation

The influence of specific compounds typically occurring in groundwater on the degradation of
PFOA was examined with FeS-activated PS in 60 mL glass vials. PFOA (coproa= 10 mg L)
degradation was performed in the presence of NOM (conom= 1 to 100 mg L-!'; Suwannee River
natural organic matter (NOM), reference number: 2R101N [44]), Cl- (NaCl, Merck, p.a.) and NO5"
(NaNOs, Riedel-de-Haén, p.a.) (cocrnos-=1 to 100 mM) with FeS (copes = 0.5 g L") as PS
activator at a starting pH = 7 in 40 mL water. PS (¢ ps = 30 g L") was added to the suspensions to
start the reaction. The suspensions were allowed to react for one week under light exclusion.

Analyses were carried out as described in 2.2.1.



2.2.3 Fate of perfluoroalkyl radicals in FeS-activated suspensions vs. homogeneous solutions

We conducted a number of experiments with PFOA (¢o = 0.25 mM) + PS (¢y = 100 mM) in aqueous
solution (100 mL, ¢ =240 h, pHy = 5 to 2) and in FeS suspension (¢ = 24 h, cpes = 500 mg L") at
ambient temperature. The reaction mixtures were initially purged with Ar to remove dissolved O,.
The headspace phase above the aqueous reaction mixtures (1:10 v/v) was sampled with a gas

syringe (250 pL) and analyzed by means of GC-MS.

2.2.4 Influence of natural water matrices and sediment on PFOA degradation

The experiments were conducted in 100 mL glass vials using various water matrices (50 mL
deionized water, tap water or groundwater from a PFAS-contaminated site in North Rhine-
Westphalia, Germany) with or without addition of 100 g L-! site sediment with a starting pH = 7.
The PFOA concentration of each sample, including the groundwater samples, was adjusted to
coproa = 10 mg L1, FeS was added at a concentration of copes = 1 g L1, PS of ¢ops =30 g L.
Before adding PS, the samples were allowed to reach sorption equilibria with the mineral surface
and the sediment, whereby the sediment does not reduce the PFOA concentration significantly.

Sampling and analyses were carried out as described in 2.2.1.

3 Results and discussion

3.1 Sorption of PFOA on FeS surface

In Figure 1, the sorption isotherms of PFOA on FeS at pH 3 and pH 7 are plotted. The adsorption
follows a type V isotherm, meaning that only moderate loadings can be achieved at low adsorptive
concentrations. At higher adsorptive concentration, loading increases due to the promotion of
further adsorption by the presence of the adsorbate [45]. This isotherm curve is characteristic for

the adsorption of polar compounds on hydrophobic surfaces.
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Figure 1: Adsorption isotherm of PFOA on FeS (cparticte = 0.5 ¢ L1 = 5.7 mM, pH =3 or 7, ¢y pros = 0.1-20 mg L-!
=24 -10*-4.8 - 102 mM). FeS loadings (¢) were confirmed by extraction of FeS with methanol. Error bars

represent deviations of single values from the mean value of at least two independent measurements.

At high PFOA concentrations, the loading on the FeS surface is much higher than expected for a
material with almost no inner surface. More than 0.5 wt-% loading could be reached, whereas for
other minerals a maximum loading of 0.1 wt-% was reported [46]; compared to other iron minerals,
the loading is five to eight times higher for FeS at cprop = 10 mg L-'=4.8 -+ 102 mM and ¢jron mineral
=0.5gL! =57 mM at pH7 (refer to Figure S3). Furthermore, Kp values between 100 and
300 L kg! at pH 7 were calculated, again remarkably high with regard to the small specific surface
area (0.9 m? g'!). Even higher are the Kp values at pH 3 (up to 500 L kg!), where FeS receives a
positive surface charge and electrostatic attraction plays a supporting role [47]. Furthermore, the
geometric surface area of 20 um FeS spheres is only approximately 0.06 m? g-'. Hence, the
measured surface area of 0.9 m? g-! may result from the surface roughness or a low but significant
porosity of the FeS. 0.5 wt-% PFOA loading corresponds to a mean sorbate layer thickness of about
6 nm. This would correspond to approximately 6 PFOA layers if one assumes a micellar

arrangement of the chains and a molecular size of 13.6 x 6.5 A2 [48]. A typical surfactant bilayer

10



micelle should contain 2 layers. As an alternative to the formation of surface layers, one could
assume the filling of the existing pores. In conclusion, although FeS is only a slightly porous

material, a trap-and-degrade approach seems possible, especially at lower pH values.

3.2 Influence of the reaction conditions on PFOA degradation in pure water

Figure 2 summarizes the results of the PFOA oxidation experiments with FeS-activated PS after
7 d reaction time under variation of reactant starting concentrations. In batches with varying PS
and FeS concentrations, high PFOA concentrations (coproa = 2.8 g L'') were chosen in order to
obtain measurable PFOA degradation and thereby fluoride formation in the presence of reactive
quenchers (i.e. Coproa * kS04--+PFOA = Coquencher * KSO4-+tquencher). W€ are aware that these
concentrations are not environmentally relevant; they were only used to determine the feasibility
of PFOA degradation with FeS-activated PS. We wanted to learn about the system and its
functional principle, and subsequently to share the knowledge gained for further optimization as

well as for transferability to lower PFOA concentration levels.

The fluoride yield was normalized to complete mineralization of PFOA to F- and CO,. Product

yields less than 100 % are due to gaps in the balance sheet, which will be discussed later.
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Figure 2: Influence of PS (A), FeS (B) and PFOA (C) starting concentrations on the PFOA conversion degrees

and molar product yields with FeS-activated persulfate after 7 d of reaction time. Left: residual PFOA and

product concentrations (fluoride yield referenced to complete PFOA mineralization) and right: product
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distribution related to sum of PFOA equivalents (n is the mole number); pHr¢ < 7, pHfina < 2. Error bars

represent deviations of single values from the mean value of at least three independent experiments.

When pH was not controlled it fell to pH < 2 due to fast PS activation during the reaction. Under
these strongly acidic conditions, FeS dissolves slowly over time (about 60 % after 7 d, compare
with Figure S7); both iron and the sulfide are oxidized under these conditions to Fe(IIl) and
sulfate/sulfite [37, 40]. Favored PFOA degradation at low pH values has already been described in
other studies [49-51]. One possible explanation is the protonation of sulfate radicals (pK, = 0),
leading to a higher reactivity [52]. If these neutral radicals (HSO,") were very reactive towards
PFOA, they could dominate the PFOA degradation kinetics despite their small proportion.
Furthermore, at pH < 3, a positive surface charge of FeS (isoelectric point pH;., = 3.3) occurs,
leading to a higher sorption affinity due to preferred electrostatic interactions between FeS and

PFOA [47]. Our own adsorption data confirm this (Figure 1).

In Figure 2A, the influence of PS concentration on PFOA degradation is illustrated. As might be
expected, the reaction is faster at higher PS concentrations. For the chosen PFOA concentration,
PS concentrations below 2 g L-! did not give rise to significant fluoride release. This indicates the
requirement for a certain minimum concentration of PS in order to ensure an oxidation strength
sufficient to overcome the competing quenching reactions [21]. Since the highest PFOA conversion
and fluoride yield were found at a PS concentration of 30 g L-!, this concentration was chosen for

subsequent experiments.

Figure 2B shows the results of oxidative PFOA degradation at various FeS concentrations. Both
fluoride yields and PFOA concentrations decrease with increasing FeS concentrations after the 7 d
reaction time. In the case of PFOA, this observation is to be expected, as higher activator
concentrations lead to higher sulfate-radical concentrations. Thereby, higher degradation rates and

degrees are reached. Shorter-chain products from perfluoroheptanoic acid (PFHA) to

13



perfluorobutanoic acid (PFBA) were quantified by means of HPLC-MS. However, the
corresponding fluoride concentrations were not detected: instead, a large balance gap was
observed. We assign the missing fluoride partly to reaction with the glass wall of the reaction vials

according to eq. 7 [53].

SiO,(s) + 6 HF(aq) = 2 H,O + H,SiFg(aq) (7)

The balance gap resulting from the wall reaction depends on the pH value and is approximately

85% at a pH = 1 (compare SI part).

It is furthermore conceivable that fluoride species adsorb to the FeS surface. Chemisorption of
fluoride to iron-containing materials has been reported [54]. The adsorption affinity was found to
increase with decreasing pH, because surface charge becomes more positive, leading to
electrostatic interactions. It has been stated that this kind of adsorption is largely irreversible [54].
In order to confirm this hypothesis, a suspension of FeS (2.5 g L") in fluoride solution (5 mg L")
was equilibrated at pH = 1 (adjusted with sulfuric acid) in polyethylene vials for one week in order
to determine fluoride recovery (see Table S4). Only 84% of the initial fluoride concentration was
retrieved. Addition of 2.5 g L' PS decreased the fluoride recovery to 60%. The latter phenomenon
of decreased fluoride recovery caused by addition of oxidizing agents in the presence of iron
sulfides is known from the literature [55]. In summary, the growing balance gap with increasing
FeS concentrations is most probably related to the more complete mineralization of PFOA
accompanied by fluoride losses, as higher FeS concentrations lead to more fluoride bound to the

surface. This reduces the measurable fluoride concentration although more fluoride was produced.

Figure 2C confirms that considerable degradation of PFOA occurred for all initial PFOA
concentrations (minimum 35 % degradation). Formation of shorter-chain products was observed

to a marked degree, even at the lowest applied PFOA concentration of 1 mg L-! (10 % shorter-
14



chain products). For the experiments with cproao < 5 mg L', one has to bear in mind that fluoride
analysis is less reliable due to the high background concentration of ions (e.g. sodium sulfate) and
the relatively low maximum fluoride concentrations (for cpros 0= 5 mg L' ¢p_max = 3.5 mg L1). At
higher PFOA starting concentrations (coproa > 70 mg L"), turnover (in mol s') of PFOA is
increased due to its statistical advantage. However, at starting concentrations of PFOA below
10 mg L-!, the removal of PFOA is also increased. In these cases, a higher proportion of PFOA is
present in the adsorbed state at the FeS surface, possibly giving rise to sorption-assisted
transformations. This means that the concentration ratios between PFOA and radical quenchers on
the FeS surface (radical generation site) are different from those in the bulk phase; this changes the
probability of the reaction of sulfate radicals in favor of PFOA attack. The larger gap in the mass
balance at higher PFOA starting concentrations remains as an unresolved issue. Lutze et al. (2017)
also observed an open mass balance and suspected the formation of undetected perfluorinated
peroxides from perfluoroalkoxy radicals [21]. Furthermore, recent studies have shown that at high
concentrations of PFOA, cross-linked fluorinated chains are formed during degradation with
sulfate radicals [56]. To a smaller extent, volatile compounds such as perfluorinated alkanes and

1H-perfluoroalkanes are also formed, as discussed in section 3.4.

To summarize: the remaining gap in the mass balances observed in most experiments can be
attributed, on the one hand, to the formation of C,- and C;-short-chain perfluorinated acids, volatile
compounds and possibly also perfluorinated peroxides as well as cross-linked fluorinated chains,
none of which were detectable by HPLC-MS analysis. On the other hand, adsorption of PFOA and
its degradation products to FeS also leads to a gap in the mass balance. However, with decreasing
chain length the extent of adsorption to FeS decreases. Additionally, fluoride was also found to
adsorb to FeS (see Table S4) to a considerable extent. This leads to a systematic underestimation

of fluoride formation.
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Altogether it could be shown that the system FeS/PS is able to degrade PFOA in aqueous
suspensions. Although the parasitic radical consumption by dissolved iron is low in FeS-based
systems, other radical consumers, which are typically present in groundwater, have to be tested for

their inhibitory effects.

3.3 Influence of the water constituents on PFOA degradation by FeS-activated
PS

Table 2 illustrates that the reaction of PFOA with sulfate radicals has only a low degree of statistical
probability in the presence of typical groundwater constituents. Especially when considering the
typically occurring concentration ranges of these matrix compounds, their relative reaction rates
with sulfate radicals are several orders of magnitude higher than that of PFOA (ri/rpros = 102 to
108, see Table 2). Hence, no measurable PFOA degradation should be expected in homogeneous
solution.

Based on the findings of the experiments shown in Figure 2, it was decided to use 30 g L! persulfate
for the subsequent experiments. Although PFOA is also degraded at lower concentrations of PS, a
higher PS concentration leads to a higher degradation rate and clearer differences between the
matrix effects become apparent. The negative aspect of this is that the pH value drops sharply and
that this can also influence the reaction (see discussion in 3.2). However, since pH has no
significant influence on the degree of protonation of the investigated anions added as possible
competitors for sulfate radicals (all very weak bases), pH should not interfere with the comparison
of the reactions with and without salt addition. For NOM, this is discussed separately. Another
aspect of the high PS concentration is that it can cause the PS itself to act as a sulfate radical
quencher. This could lead to the assumption that the influence of the other quenchers is low.
However, Table 2 shows that at the concentrations applied, the main quenchers are chloride, NOM

and dissolved iron. Only the relative reaction rate of nitrate is lower than that of PS. Since the
16



concentration of PS decreases over time, the influence of nitrate over the reaction time becomes

greater and can therefore be discussed.

Our experimental results are illustrated in Figure 3. Remarkably, significant PFOA conversion was
observed in most degradation experiments regardless of the applied radical quencher, although the
reaction of sulfate radicals is much faster with all other water constituents, including water itself
and PS (see Table 2), even at relatively high PFOA concentrations (10 mg L-'). The non-
environmentally relevant PFOA concentrations were chosen in order to observe reliable results for
fluoride formation and shorter-chain intermediates in order unambiguously to prove PFOA
oxidation rather than only its ‘disappearance’. Neither NOM nor nitrate had significant influence
on PFOA degradation by FeS-activated PS. In the case of nitrate, this observation has already been
made in another study [20]. For NOM, strong quenching effects were expected as reported for other
easily oxidizable substances in tests with heat-activated PS [57, 58]. A fraction of the humic acid
precipitates under acidic conditions, thus is withdrawn from the solution phase and therefore to a
large extent from direct attack by the short-lived radicals in the bulk phase [59]. In addition, NOM
slightly decreases the adsorption of PFOA on the FeS surface (see Figure S4). Despite all these
factors, increasing NOM concentrations would be expected to effect a decrease in PFOA

degradation. However, this was not observed.
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Table 2: Estimation of relative reaction rates of various water constituents with sulfate radicals.

Rate constant Csolute * K Relative rates
Solute
with sulfate [s7] Fsotute/'proa [-]
concentration Ref.
radicals &
¢ [M]
M1 5]
PFOA 24107 1.6 - 10* 04 1 [41]
1-103 2.5..5-10° = 10°
Chloride 1-102 (2.5...5) - 108 2.5...5-10¢° =107 [60]
0.1 2.5...5-107 =108
Hydroxide
1-10° 1.4 -107 14 ~ 10 [61]
pH=28
2-103 30 =102
Nitrate 21072 3104 3102 =103 [62]
0.2 3-10° ~10*
Iron(II)dissolved,max ~1.1-102 1.1-107 =107
9.9 - 108 [35]
Iron(II)dissolved,min ~36-10* 3.6-10° ~ 106
Water 55.56 60 33-10° ~10* [35]
PS 0.126 1.2 -10°6 1.5-10° ~10° [35]
0.5 34-10° ~ 104
NOM (D
5 6.8 103 34104 ~10° [63]
50 34-10° = 10°

(M concentration in mgC L' and rate constant in L mgC-! s!
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Figure 3: Influence of NOM (A), NaNO; (B) and NaCl (C) starting concentrations on the PFOA conversion
degrees with FeS-activated persulfate after 7 d of reaction time. Left: residual PFOA and product
concentrations (fluoride yield normalized to complete PFOA mineralization) and right: product distribution

related to sum of PFOA equivalents (n is the mole number); ¢y pros =10 mg L1 =2.4 - 102 mM, ¢y ps =30 g L
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=126 mM, ¢y res = 0.5 g L' = 5.7 mM, pHyeare = 7, pHfinal < 2. Error bars represent deviations of single values
from the mean value of at least two independent experiments.

The oxidation of PFOA by sulfate radicals in the presence of even high chloride concentrations (up
to 100 mM) is striking. Such high concentrations are comparable to seawater or chloride-
contaminated wastewater, and are usually considered as a key reason why sulfate-radical-based
treatment options do not apply for these systems [21]. It has already been reported in the literature
that low chloride concentrations have no major adverse influence on PFOA degradation by sulfate
radicals. At chloride concentrations higher than 10 mM, the degradation rate drops significantly,
accompanied by the preceding oxidation of ClI- to ClO;- or HOCI resulting in OH-radicals [49, 64]
(a detailed reaction scheme is provided in the SI). From Figure 3C, a slight decrease in PFOA
degradation for higher chloride concentrations can be seen, thus a decrease in degradation rate can
also be confirmed in the present study. However, the extent of rate reduction is lower than reported
in previous studies (factor 2 rather than factor 3 to 10) [20, 49, 51]. It is remarkable that the fraction
of short chain acids as intermediates of the PFOA degradation decreases with increasing chloride
concentration by about one order of magnitude, while fluoride generation seems unaffected. This
points to a variation in the degradation mechanism and a possible participation of chlorine radicals
(or derived species, such as Cl, *). Since this was not within the scope of this study, further
investigations are needed.

We hypothesize that PFOA accumulation on FeS particles is the key factor which enables its
oxidation even if NOM or dissolved anions are present. Thereby, the higher local concentration in
proximity to radical generation at the FeS surface causes a shift in relative reaction rates (Table 2).
As a rather hydrophobic mineral compared to Fe® with its FeO, surface coating [65], FeS is able to
adsorb PFOA to a significant extent (with measured Kp values for PFOA of up to 500 L kg!, Figure

1), which is enhanced due to the matrix components (see Figure S4). This keeps considerable
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proportions of PFOA within the range of influence of the short-lived radicals generated on FeS,
whereas the competitors, which are dissolved in the water phase, are largely outside this range.
This could be a reason for the lower vulnerability of the PFOA oxidation to quenching ions, and
for the advantage of FeS-activated PS over that activated in homogenous solution (see Figure S8).
In summary, the reaction of PFOA with FeS-activated PS still proceeds in the presence of various

common radical quenchers, including chloride at concentrations as high as 100 mM.

3.4 Fate of perfluoroalkyl radicals in FeS-activated suspensions vs.

homogeneous solutions

In order to elucidate the reaction mechanism of FeS-assisted degradation of perfluorinated
carboxylic acids (PFCAs), we investigated more deeply the fate of a key intermediate, the
perfluoroalkyl radical (n-C,,F,+1°, see section 7 in the SI part). A number of reaction pathways are
presented in Scheme 1. The preferred reaction is the recombination of n-C,F,,,+* with dissolved
oxygen (O,), which leads to the formation of shorter-chain PFCAs. In the absence of O,, alternative
reaction pathways such as radical recombination or H-abstraction, e.g. from the solvent water, are
possible. The resulting products, perfluorinated alkanes and 1H-perfluoroalkanes, are highly
volatile. They are detectable in the headspace phase above the aqueous phase, where they are

protected against further radical attack.
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Scheme 1: Reaction pathways of perfluoroalkyl radicals from oxidation of PFOA in aqueous solution

The headspace analyses revealed significantly different product compositions, depending on the
presence or absence of FeS. Briefly, in the inert gas phase (Ar) above homogeneous solutions, a
cocktail of more than 18 perfluoroalkanes was identified (see Figure S9). Their yield was estimated
as up to 25% of the converted PFOA. 1H-perfluoroalkanes were observed only as trace components
(<0.1 mol-% of converted PFOA). Although linear perfluoroalkanes dominate, we also detected
branched isomers. This indicates - unexpectedly - radical isomerization reactions on the level of
the primary n-CF,n+° radicals. We did not detect any perfluoroalkenes, indicating that radical
disproportionation reactions (2 C,,Fopn+1®* — CipFam + CFams2) do not play a role.

The pattern of gaseous products in the presence of FeS as PS activator was dominated by the series
of linear homologous 1H-perfluoroalkanes C,F,,+1H with m < 7 (see Figure S10). When we
consider extensive radical recombination as an indication of freely dissolved radicals, the opposite
finding (lack of radical recombination products) points to surface-bound radicals with FeS. These
radicals are not sufficiently mobile to find other surface radicals, but due to contact with the solvent

molecules they can be stabilized by H-abstraction.
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In some experiments we used an equimolar H,O/D,O mixture as solvent in order to trace the
hydrogen abstraction by perfluoroalkyl radicals. From the molar ratios CF;+1H/CFomiD we
determined kinetic isotope effects (KIE) kp/kp = 10 to 40, with ky and kp as rate constants for the
abstraction of H and D, respectively, from available donors. Such high KIE values were also
observed for H-abstraction by perfluoroalkyl radicals from a series of organic substrates in water
and are in line with our present findings with water as H-donor molecule [66]. The KIE values
determined in the present study are different for the two reaction systems (see Table S5 and Figure
S11). For the primary n-C;F;s-radical, they are about a factor of 2 lower in the FeS-mediated
system, indicating different states of the precursor radicals, either attached to the surface of FeS (or
at least surface-influenced) or freely dissolved in water. A detailed interpretation of the observed
KIEs is further complicated by the overlay of at least two pairs of hydrogen donors under acidic
conditions, i.e. H,O/D,0 and HSO,/DSOy.

In further experiments, we added chloride (5 mM) as a potential radical quencher in order to
interpret the results from section 3.3. Chloride can be oxidized by sulfate radicals to reactive
radicals such as CI* and Cl,* which are reaction partners for perfluoroalkyl radicals (n-C,,Foin+1° +
CL* — n-C,Fy41Cl + CI). As expected, chloride inhibited the homogenous PFOA conversion
and shifted the gaseous product composition to 1Cl-perfluoroalkanes (see Figure S12). We detected
in all experiments in the presence of chloride the homologous series from 1-CIC;F ;5 to 1-CIC4F,.
The recombination between perfluoroalkyl radicals was largely suppressed in homogeneous
solution, whereas the surface-attached radicals in the presence of FeS yielded a mixture of 1H- and
1Cl-perfluoroalkanes (about 30:70 mol/mol). This again underlines the different reactivities of
perfluoroalkyl radicals as intermediates in the homogeneous vs. the heterogeneous reaction system,
as well as the partial exclusion of radical quenchers from the surface-near reaction zone. In

conclusion, these experiments show on the one hand that the fate of intermediates of PFOA
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degradation depends on their speciation: either freely dissolved or surface-attached on FeS. On the
other hand, it was shown that chloride has an influence on the reaction as well as on the degradation

product pattern, as stated in section 3.3.

3.5 Influence of real groundwater and sediment on PFOA degradation

As shown in the previous sections, FeS particles are potent activators of PS and can support
degradation of PFOA on the FeS surface, leading to an attenuation of radical quenchers. However,
these experiments have so far only been carried out under artificial conditions. As a subsequent
step, the degradation of PFOA in various water matrices (deionized water, tap water and a
groundwater sample) and in the presence of sediment from a PFAS-contaminated site was
investigated. The results in Figure 4 show that PFOA can be degraded in all of the water matrices
tested. Highest reaction rates for PFOA removal were achieved in deionized water, but rate
constants in tap- or groundwater are only slightly lower (Table 3). These results are in conformity
with the results in section 3.3, showing only minor influence of various ions on the reaction when
used in naturally occurring concentrations. PFOA degradation kinetics in tap- and groundwater are
similar, despite the different ionic strengths and composition of the samples (see Table S1).
Surprisingly, even the addition of sediment has no significant negative impact on the reaction rates
(leaching results are summarized in Table S3), although it was suspected that the sediment would
provide significant potential for radical quenching [67]. All of these findings agree with our
assumption that the PFOA oxidation occurs mainly as a heterogeneous reaction at or near the FeS
surface. This makes the degradation largely immune to sulfate radical quenchers, although these

are inherently much more reactive.
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Figure 4: PFOA degradation by FeS-activated PS in various water matrices without (A) and with (B) site
sediment (CO,PFOA =10 mg L1=24-102 mM, Co,FeS = 1 g L1=114 mM, Co,ps = 30 g L1=126 mM, Csediment — 100

g LY, pHgrt = 7 and pHgpa < 2). Error bars represent at least four individual experiments and show the mean

deviation of single values from the mean value.
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Table 3: Observed first-order rate constants [in 102 h''] of PFOA degradation by FeS-activated PS in various

water matrices in the first 100 hours. Experimental conditions as given in Fig. 4.

Deionized Tapwater | Groundwater | Deionized water | Tapwater + | Groundwater
water + sediment sediment + sediment
4.1+0.7 1.2+0.1 1.5+£0.1 4.6+0.8 1.5+£0.1 1.9+0.1

It can be seen in Figure 4 that after 220 h, about 20 % of the PFOA still remains under the various
reaction conditions tested, even though PS was still present in the system. This implies a stagnation
of the reaction, which was also found for PS activation with UV and microwave [21, 50, 51, 68]
irradiation. In the present study, a plausible explanation for the stagnation is considered to be the
increased dissolution of FeS with lower pH values and thus an increase in the quencher
concentration cge+. As can be seen in Figure S14, the PS decomposition also stops, which results

in a stagnation of PFOA degradation.

The results presented in this section show that degradation of PFOA by FeS-activated PS can be
conducted even under near-natural conditions — in groundwater and after addition of sediment
samples. This allows an optimistic performance forecast for field deployment of FeS particles as a
new material for oxidation with sulfate radicals — and it provides an opportunity to develop a new

cost-efficient degradation tool for perfluorinated carboxylic acids (compare chapter 9 in SI part).

4 Summary and conclusion

In the framework of this study, the application of FeS-activated persulfate for PFOA degradation
was examined. Adjustment of the reagent ratios revealed highest efficiency at high concentrations
of FeS as activator, PS as oxidant and PFOA as target contaminant. However, the reaction was also

observed under significantly less favorable conditions. High PS concentrations deliver sufficient
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oxidation power to overcome competing side-reactions and thus enable PFOA degradation, whilst
higher FeS concentrations lead to higher production rates of sulfate radicals and thereby enhance

productivity of the system.

Moving from pure to near-natural water matrices, the low reaction rate of PFOA with sulfate
radicals requires competitor exclusion from the direct proximity of the reaction. Degradation of
PFOA with sulfate radicals was enabled by considerable enrichment of PFOA at the FeS surface
(Kp=100-500 L kg'! at a specific surface area of 0.9 m? g'!), and thus spatial decoupling of the
PFOA degradation from reaction of matrix components. This was proven by the low adverse effect
of even high concentrations of competing reactants such as NOM (up to 100 mg L!), CI- and NO5"
(up to 100 mM) as well as by the different PFOA product pattern in homogenous and
heterogeneous reactions. The approach of enhancing PFOA’s degradation rate by increasing its

local concentration at the site of radical generation is promising.

Nevertheless, there is still room for further research related to the topic of activation of PS by FeS
or other potent heterogeneous activators providing efficient PFOA adsorption. Some uncertainties
were already brought up in this work, such as the slowdown of PFOA degradation during the
reaction progress or the final clarification of gaps in the mass balance. Furthermore, open questions
remain regarding the applicability to other groundwater pollutants or even other PFAS, such as
shorter-chain perfluorinated carboxylic acids or fluorotelomer alcohols. Another urgent issue is the
lack of approaches for the remediation of groundwater contaminated with perfluorinated sulfonic

acids, for which the presented approach unfortunately fails.

However, significant PFOA degradation was achieved in batch experiments with real site waters
and sediments, which open up an optimistic perspective for in-situ deployment of the presented

remediation system. Therefore, the remediation approach discussed in this study represents a
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valuable contribution to solving one of the most pressing problems for water treatment at the
present time. Pilot-scale tests for evaluation of the field applicability of this technique are currently

under study.
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Surface enrichment helps to degrade PFOA even under unfavorable bulk conditions
Heterogeneous PFOA degradation occurs in presence of high chloride concentrations
PFOA was successfully degraded in real site water and sediment suspensions
FeS/peroxydisulfate system proposed as tool for in-situ degradation of PFOA
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