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ABSTRACT: Poly- and perfluoroalkyl substances (PFASs) have been detected in an
increasing number of water supplies. In many instances, the contamination is
associated with the use of PFAS-containing aqueous film-forming foams (AFFF) in
firefighting activities. To investigate the potential for remediating AFFF contamination
in groundwater with heat-activated persulfate, PFAS oxidation and the generation of
transformation products was evaluated under well-controlled conditions. Fluoro-
telomer- and perfluoroalkyl sulfonamide-based polyfluorinated compounds were
transformed to perfluorinated carboxylic acids, which underwent further degradation
under acidic conditions produced after persulfate decomposed. The presence of
aquifer sediments decreased the efficiency of the remedial process but did not alter the
transformation pathways. At high concentrations, the presence of organic solvents,
such as those present in AFFF formulations, inhibited transformation of a
representative perfluorinated compound, perfluorooctanoic acid. Heat-activated persulfate did not transform perfluorooctane-
sulfonic acid or perfluorohexanesulfonic acid under any conditions. Despite challenges associated with the creation of acidic
conditions in the subsurface, the potential for generation of undesirable transformation products, and the release of toxic metals,
heat-activated persulfate may be a useful in situ treatment for sites contaminated with polyfluoroalkyl substances and
perfluorocarboxylic acids.

■ INTRODUCTION
The use of aqueous film-forming foams in firefighting and
firefighter training exercises has led to contamination of water
and soil with PFASs.1−5 AFFFs−chemical mixtures containing a
combination of water, organic solvents, and fluorinated and
nonfluorinated surfactants−are valued for their ability to
quickly extinguish liquid fuel-based fires, and have been used
for several decades by the military, operators of commercial
airports, municipalities, and the chemical industry.6 PFASs are
currently a required component of AFFFs under military
purchasing specifications,7 but concerns over the persistence of
a subclass of PFASs, perfluoroalkyl acids (PFAAs), have
increased in recent years. Proximity to military firefighter
training areas where AFFF was used has been linked to the
presence of PFAAs in drinking water by both site
investigations1,2,8 and national scale GIS analysis.9 Although
PFAAs are not regulated drinking water contaminants, the U.S.
EPA’s release of a combined lifetime health advisory10 of 70
ng/L for perfluorooctanesulfonic acid (PFOS) and perfluor-
ooctanoic acid (PFOA) has brought attention to this issue.
Numerous fluorinated surfactants other than the PFAAs have

been used in AFFFs.11 The PFAS content of a particular AFFF
formulation depends on the company that created the
formulation, the original manufacturer of the fluorinated
surfactants used, and the date of production. The main
historical supplier of AFFF to the U.S. military was 3M
Corporation, which manufactured PFASs through the electro-

chemical fluorination process.12 AFFF produced by 3M
contains perfluoroalkyl sulfonates (PFSAs), perfluoroalkyl
sulfonamide-based polyfluorinated compounds, and lesser
amounts of perfluorinated carboxylates (PFCAs).4 The other
major process used to manufacture PFASs is fluorotelomeriza-
tion. Fluorotelomer-based AFFF formulations have been
produced by several manufacturers and typically contain
polyfluorinated compounds and lesser amounts of PFAAs.4

Unlike perfluorinated compounds, polyfluorinated com-
pounds typically contain a perfluoroalkyl functional group
and at least one nonfluorinated carbon.13 Nonfluorinated
carbons are more reactive than perfluorinated carbons, which
makes them more susceptible to oxidation. Some polyfluori-
nated compounds can produce PFAAs when the bonds linking
the perfluoroalkyl moiety to nonfluorinated groups are
oxidized.13 Polyfluorinated compounds that generate PFAAs
upon exposure to hydroxyl radical (HO•) are referred to as
PFAA-precursors. Biotransformation of sulfonamide-based
PFAA-precursors typically leads to production of PFSAs,14

while biotransformation of fluorotelomer-based PFAA-precur-
sors typically generates PFCAs and fluorotelomer (un)-
saturated acids.15,16 Reaction with HO• transforms Cn
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sulfonamide-containing precursors to equimolar quantities of
the corresponding Cn PFCAs, whereas Cn fluorotelomer
precursors are transformed to a mixture of PFCAs of varying
carbon chain length.
Ex situ treatment using granular activated carbon is currently

the main means of remediating PFAS in contaminated water
sources.10 However, this approach does not treat sorbed PFAS,
which may include cationic and zwitterionic PFAA-precursors
that exhibit a high affinity for aquifer solids. Although PFAAs
are resistant to biodegradation and hydroxyl radical-based
treatment processes,17 heat-activated persulfate (S2O8

2−) is
capable of oxidizing PFCAs.18−21 In this process, sulfate radicals
(SO4

•−) transform PFCAs, but only under acidic conditions22

(pH ≤ 3). The efficiency of the process decreases in the
presence of sediment or high concentrations of chloride.23 With
the exception of 6:2 fluorotelomer sulfonate (6:2 FtS),20 no
studies to date have examined heat-activated S2O8

2− treatment
of PFAA-precursors. Further complicating the treatment of
AFFF-contaminated sites with persulfate is the potential
presence of other AFFF components. For example, the solvent
diethylene glycol butyl ether (DGBE) comprised 17% and 20%
of two samples of AFFF manufactured by Ansul and 3M,
respectively.24 DGBE is expected to reduce the efficiency of
PFAS treatment by scavenging SO4

•−.
To assess the feasibility of using heat-activated persulfate to

remediate AFFF-contaminated groundwater and to identify
terminal transformation products, batch experiments were
carried out under well-controlled conditions representative of
those encountered during in situ chemical oxidation (ISCO).
The conversion of polyfluorinated PFAA-precursors to PFCAs,
and subsequent degradation of PFCAs, was studied using
samples of two representative AFFF formulations from 3M and
Ansul in water and sediment slurry systems. The effect of AFFF
components on degradation of PFAAs was examined using
PFOA as a representative PFCA in the presence of a glycol
ether and other organic solvents. Results of these experiments
can be used to identify conditions under which heat-activated
persulfate will be effective in the remediation of contaminated
aquifers and to optimize the treatment process.

■ MATERIALS AND METHODS
Materials. Full names and abbreviations for PFASs

measured in this study are listed in Supporting Information
(SI) Table S1. Analytical standards and isotopically labeled
PFAS standards were purchased from Wellington Laboratories.
Reagent-grade PFOA (96% purity) used in oxidation experi-
ments was obtained from Sigma-Aldrich. Samples of AFFF
manufactured by 3M and Ansul were obtained from an archive
collected at U.S. military bases, as described previously.12 Prior
characterization work of PFASs in contemporaneous formula-
tions of 3M AFFF indicated that they consisted mainly of
PFOS and multiple C4−C7 PFCA precursors, including, but
not limited to perfluoroalkyl sulfonamide amino carboxylates
(PFnSAmAs) and perfluoroalkyl sulfonamido amines
(PFnSAms). Contemporaneous 3M AFFF also contained
smaller amounts of C4−C7 PFSAs and C4−C8 PFCAs.4 The
same study reported that the primary PFAS component of
contemporaneous Ansul AFFF is 6:2 fluorotelomer thioamido
sulfonate (6:2 FtTAoS). 6:2 FtTAoS, which is often referred to
by the trade name Lodyne, is the main PFAS present in AFFF
formulations from at least three different manufacturers. The
structure of 6:2 FtTAoS is shown in Figure 1, and the
structures of PFHxSAm and PFHxSAmA, two components of

3M AFFF that were present at lower concentrations, are shown
in SI Figure S1.
HPLC-grade water and LC-MS-grade methanol were

obtained from Fisher Scientific. All other chemicals and
solvents were of the highest possible purity and were purchased
from Fisher Scientific or Sigma-Aldrich. Solutions were
prepared using 18 MΩ ultrapure water from a Millipore system.
Uncontaminated aquifer sediment was obtained from a

surficial alluvial aquifer in Arizona, approximately 25 m below
ground surface. Sediment was dried at 100 °C, homogenized,
and sieved through a 600-μm sieve. The fraction that passed
through the sieve was collected and used in oxidation
experiments. Characterization data for the sediment are
reported in SI Table S2.

Persulfate Oxidation Experiments. Batch experiments
were carried out in sealed 15- or 50 mL polypropylene or
polystyrene centrifuge tubes with total solution volumes of 10
or 40 mL. Concentrated AFFF stock solutions were prepared
by diluting AFFF 100-fold in ultrapure water. A concentrated
PFOA stock solution (0.53 mM) was also prepared in ultrapure
water. Reactors were filled with ultrapure water and amended
with concentrated stock solutions to obtain initial concen-
trations of the primary PFAS species between 0.3 and 2.5 μM.
For experiments with AFFF, this corresponded to approx-
imately a 21 000-fold dilution of the Ansul concentrate and an
83 000-fold dilution of the 3M concentrate. In some experi-
ments, aliquots of methanol, ethanol, or DGBE were added to
achieve initial concentrations ranging from 5 to 500 mM.
Sediment slurry experiments were performed by adding 20 g/L
of dried aquifer solids. Finally, aliquots of 500 mM Na2S2O8
were added to achieve an initial S2O8

2− concentration of 50
mM.
All experiments were performed in an 85 °C water bath, a

temperature that is often achieved during in situ thermal
treatments at hazardous waste sites.25 Reactors were placed in
the hot-water bath immediately after addition of the persulfate
and were removed from the bath briefly to withdraw samples.
Solutions were not prewarmed, but reached 85 °C within 15
min. Most experiments employed a 50 mM aliquot of S2O8

2−

and lasted 7.5 h. In some experiments, an additional aliquot of
persulfate was added after the initial 7.5 h period to simulate
the effect of additional treatment. In all cases, less than 5% of
the applied S2O8

2− remained at the end of the experiment, as
measured using the methods described below. Due to the
constraints of working in a water bath, the reactors were not
mixed continuously during the experiment. Instead, reactors
were mixed by inverting several times at the initiation of the
experiment and prior to collection of each sample. Persulfate-
free control experiments were performed to assess PFAS losses
unrelated to S2O8

2− treatment. Most experiments were
performed in duplicate or triplicate, and the results presented
represent averages plus or minus one standard deviation.
Experiments designed to assess the effect of DGBE and ethanol
were performed using a single reactor for each initial solvent
concentration.

Figure 1. Chemical structure of 6:2 fluorotelomer thioamido sulfonate
(6:2 FtTAoS).
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All samples for PFAS analysis were diluted with HPLC-grade
water and methanol prior to measurement to bring PFAS
concentrations into the instrument calibration range. To
minimize losses due to salting out, experiments conducted in
the absence of aquifer solids were diluted five- or 10-fold in
HPLC-grade water prior to a five- to 25- fold dilution in
methanol. Samples from experiments with aquifer solids were
centrifuged at 10 000 rpm for 10 min. The supernatant was
then subjected to the dilution procedure described above. To
measure the concentration of PFASs associated with aquifer
solids, the remaining aqueous supernatant was decanted and
the sediments were extracted in methanol overnight on a shaker
table. The extracted samples were centrifuged as described
above, and the supernatant was subjected to a further 10-fold
dilution in methanol. Diluted samples were stored in 1.5 mL
polypropylene microcentrifuge tubes at room temperature prior
to LC-MS/MS analysis, which typically occurred within 4 days.
Separate samples were collected simultaneously for other

analytes. Samples for F− analysis were not diluted and were
stored at 4 °C prior to analysis, which typically occurred within
2 days. Samples for total organic carbon (TOC) analysis were
filtered sequentially with 0.7 and 0.2 μm syringe filters, diluted
three- to 100-fold in 500 mM borate buffer to bring TOC
concentrations into the instrument calibration range, and stored
at 4 °C for less than 8 h before measurement. Persulfate and
pH were measured immediately upon sampling, using the
methods described below.
Analytical Methods. PFASs were quantified using an

Agilent 6460 HPLC/MS-MS operating in negative electrospray
ionization mode, as described previously.26 Briefly, samples
were analyzed in 250 μL of 50:50 methanol:water mixture
created by combining 125 μL of HPLC-grade water, 100 μL of
diluted sample in methanol, and 25 μL of a 20 μg/L internal
standard stock solution in methanol. PFAS concentrations were
determined using isotope dilution with certified analytical
standards. A list of ion transitions monitored and MS
parameters is provided in SI Table S3. Ultrashort-chain
PFAAs (C2 and C3 PFCAs and PFSAs), PFnSAmAs, and
PFnSAms were not measured in this study.
Other analytes were quantified with established methods.

Persulfate was measured using the KI colorimetric method27

with a PerkinElmer Lambda-14 UV spectrophotometer.
Fluoride and formic acid were measured using a Dionex ICS-
1100 ion chromatograph with 0.8 mM NaHCO3 and 4.5 mM
Na2CO3 as the mobile phase. Fluoride was quantified by
standard addition. Total organic carbon (TOC) was measured
using a Shimadzu TOC-V CSH elemental analyzer.

■ RESULTS AND DISCUSSION
Sediment-Free Experiments. Under the conditions

studied, persulfate decomposes rapidly according to the
following overall equation:

+ → + +− − +S O H O 2SO 2H
1
2

O2 8
2

2 4
2

2 (1)

Sulfate radicals are produced during the initial step and in chain
reactions initiated by radicals.28

In solutions of both Ansul and 3M AFFF at 85 °C, at least
95% of the added persulfate decomposed after 7.5 h, as
expected from previous studies of persulfate thermolysis.29 Loss
of S2O8

2− followed pseudo-first order kinetics (SI Figure S2a).
Because the experiments were performed in the absence of a
buffer, acid production from eq 1 caused the pH to drop from

4.0 to 1.5 in the Ansul experiments, and from 3.8 to 1.4 in the
3M experiments. TOC decreased from 9 mg/L to less than the
method detection limit of 0.8 mg/L and from 4 mg/L to <0.8
mg/L, respectively, in the Ansul and 3M reactors (SI Figure
S3). In both experiments, the initial concentration of PFAS
accounted for only a small amount of the measured TOC (i.e.,
< 2%). Because TOC attributable to PFAS was in all cases less
than the limit of detection of the TOC instrument, TOC
measurements did not provide insight into PFAS trans-
formation.
In experiments with diluted Ansul AFFF, 6:2 FtTAoS was

the only PFAS detected prior to oxidation. Transformation of
6:2 FtTAoS was rapid, with 100% loss of 6:2 FtTAoS and
production of a suite of short-chain PFCAs within the first hour
of the experiment (Figure 2). Degradation of 6:2 FtTAoS

produced mainly perfluorohexanoic acid (PFHxA), perfluor-
opentanoic acid (PFPeA), and perfluorobutyric acid (PFBA), as
well as a small amount of perfluoroheptanoic acid (PFHpA),
similar to what was observed previously4 during treatment of
Ansul AFFF with HO•. After the initial conversion of 6:2
FtTAoS to PFCAs, the concentration data were consistent with
the sequential −(CF2) cleavage mechanism, with PFHpA
reaching its maximum concentration first, followed by PFHxA,
PFPeA, and PFBA, as observed in other studies.18−20,30 In
initial experiments performed with S2O8

2− at room temperature
(data not shown), as well as in aerobic biotransformation
studies,15 the primary transformation product of 6:2 FtTAoS
was 6:2 FtS. The absence of detectable 6:2 FtS in the
experiments performed at 85 °C indicates that 6:2 FtS is rapidly
degraded by heat-activated persulfate, as has been shown
previously.20 At the end of the treatment, short-chain PFCAs
accounted for approximately 13% of the initial 6:2 FtTAoS on a
molar basis. A 12% loss of 6:2 FtTAoS in heated controls
containing AFFF without persulfate may have been due to
sorption losses to the reactor walls. An attempt to obtain a mass
balance on fluorine was unsuccessful due to the difficulty of
accurately quantifying low F− concentrations in the presence of
high concentrations of sulfate and other anions.
In experiments with diluted 3M AFFF, PFASs detected prior

to oxidation included PFOS and smaller amounts of
perfluorohexanesulfonic acid (PFHxS) and PFHxA (Figure 3a

Figure 2. PFAS concentrations during heat-activated persulfate
treatment of Ansul AFFF in water. 21 000-fold dilution of AFFF,
[S2O8

2−]0 = 50 mM, pH0 = 3.5, T = 85 °C. Bars represent the mean of
triplicate measurements. The solid line with circles represents 6:2
FtTAoS in persulfate-free controls (n = 1).
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and b). No transformation of PFSAs was apparent upon
treatment with heat-activated S2O8

2−. The PFOS concen-
trations decreased by approximately 40% within the first 0.5 h
of the experiment in both the treatment and control reactors,
and remained stable thereafter. This initial loss of PFOS may
have been due to sorption to the reactor walls or some other
physical phenomenon related to the AFFF components. PFCA
concentrations initially increased, with a total of 150 μM of
PFHxA, PFPeA, and PFBA detected after 1 h. PFCA
concentrations subsequently decreased, leaving 18 μM of
PFBA after 4 h of treatment. The change in PFCA
concentrations with time was likely due to oxidation of
sulfonamide-based polyfluorinated compounds PFHxSAm and
PFHxSAmA. Although these compounds were not measured by
the analytical method used in this study, they were detected in
this formulation of 3M AFFF in prior work.4 Oxidation of the
nonfluorinated portions of these PFAA-precursors by SO4

•−

yielded PFCAs as products, and these PFCAs subsequently
reacted with SO4

•− by the sequential chain-shortening
mechanism described previously. Again, an attempt to calculate

a mass balance on fluorine was unsuccessful due to the difficulty
of accurately quantifying low F− concentrations.
To verify that the decomposition of contaminants was

consistent with expectations based on the rate at which
persulfate undergoes thermolysis, we estimated the rates of
thermolysis of persulfate under different pH conditions (SI
Figure S4). Results from these experiments indicated that 87%
of the persulfate should have been converted to sulfate radicals
in approximately 1.7−2.5 h (i.e., at pH values between 1.5 and
3.5) and 97% of the persulfate should have been converted after
2.8−4.2 h. These predictions were consistent with observations
of the transformation of PFAS in both types of AFFF (i.e.,
Figures 2 and 3) indicating that most of the transformation
occurred through reactions with sulfate radical during the first 2
h of the experiments and that no significant changes in
concentrations occurred after 4 h.

Effect of Aquifer Sediments. The rates of persulfate
decomposition in sediment slurry experiments with both Ansul
and 3M AFFF were similar to those observed in the sediment-
free systems (SI Figure S2a, Table S4). As in the sediment-free
experiments, greater than 95% of the added persulfate was
decomposed after 7.5 h in the slurry reactors. In the presence of
sediment slurry and AFFF, acid production from decom-
position of the first 50 mM persulfate aliquot caused the pH to
drop from approximately 6.5−1.6. The second 50 mM aliquot
of persulfate resulted in a further pH decrease to 1.4. The initial
TOC concentrations of solutions of Ansul and 3M AFFF in
sediment experiments were 23 mg/L and 17 mg/L,
respectively. The TOC concentrations of both AFFF solutions
decreased to approximately 2 mg/L within the first hour of the
oxidation treatment (SI Figure S3).
Compared to the sediment-free experiment, the presence of

aquifer sediments decreased the initial aqueous concentration
of 6:2 FtTAoS in solutions of Ansul AFFF by approximately
60%. This difference in initial concentration was likely due to
sorption of 6:2 FtTAoS to the aquifer sediments. Treatment
with 50 mM S2O8

2− resulted in rapid and complete removal of
6:2 FtTAoS, as in the sediment-free experiments, but
degradation of short-chain PFCA intermediates was slower
(Figure 4). The short-chain PFCAs accounted for 89% and
24% of the original 6:2 FtTAoS after treatment with 50 and 100
mM S2O8

2−, respectively. Extraction of the sediments with
methanol after completion of the experiment resulted in
recovery of only 1−2% of total PFAS, indicating that persulfate
was able to access the initially sorbed fraction of 6:2 FtTAoS or
decreased the aqueous concentration of 6:2 FtTAoS enough to
drive rapid desorption.
The efficiency of heat-activated S2O8

2− treatment of PFAS in
3M AFFF also decreased in the presence of aquifer sediments.
As in the sediment-free experiments, no transformation of
PFOS or PFHxS was observed (Figure 5a). Also similar to the
sediment-free experiments, treatment resulted in an initial
increase followed by a decrease in PFCA concentrations, as
perfluoroalkyl sulfonamide-based precursors were converted to
PFCAs (Figure 5b) and then subsequently oxidized. However,
PFCA breakdown was slower in the sediment slurry reactors.
The decrease in PFCA loss observed in slurry reactors with
both 3M and Ansul AFFF was likely attributable to scavenging
of SO4

•− by constituents associated with the aquifer solids, such
as inorganic species (e.g., chloride) or organic matter in
solution or on particle surfaces. Extraction of the sediments
from experiments with 3M AFFF showed that PFSAs sorbed to
a greater extent than PFCAs. On average, 29% of total PFSAs

Figure 3. Heat-activated persulfate treatment of 3M AFFF in water.
(a) PFSAs; (b) PFCAs. 83 000-fold dilution of AFFF, [S2O8

2−]0 = 50
mM, pH0 = 3.5, T = 85 °C. Bars represent the mean of triplicate
measurements. Solid lines with circles represent the sum of PFSAs or
PFCAs in persulfate-free controls (n = 1).
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were recovered by extraction, whereas 2% of total PFCAs were
recovered. The initial decrease in PFOS concentration observed
in both the treatment and control reactors was likely caused by
sorption to the aquifer sediments and reactor walls.
Effect of Solvents. The presence of DGBE decreased

PFOA removal by heat-activated persulfate (Figure 6). This
observation is consistent with model predictions made using
the relevant reactions and second order rate constants (SI Text
S1, Figures S5 and S6).
In experiments with 50 mM S2O8

2− and varying initial
concentrations of DGBE, the rate of persulfate disappearance
increased at higher initial DGBE concentrations (SI Figure S2b,
Table S4). Enhancement of the S2O8

2− disappearance rate was
likely caused by radical chain reactions propagated by DGBE, as
has been observed previously with benzene.28 Persulfate decay
caused the pH of experiments with DGBE to drop from initial
values of 3.8−4.0 to a final value of 1.3. In experiments with 5
mM and 10 mM initial concentrations of DGBE, heat-activated
S2O8

2− resulted in greater than 95% TOC removal, but the
fraction of initial TOC removed decreased with increasing
initial DGBE concentration (SI Figure S7).
Results from experiments with varying concentrations of

DGBE suggest that a different PFOA loss mechanism
predominated at higher solvent concentrations (Figure 5). At
DGBE concentrations of less than 50 mM, PFOA disappeared
over the first 2 h of the experiment as shorter-chain PFCAs
were produced. In the presence of 50−500 mM DGBE, about
half of the PFOA disappeared gradually over the course of the
7.5 h experiment. The disappearance of PFOA at higher DGBE
concentrations was not accompanied by the production of
short-chain PFCAs. Similar results were obtained in experi-
ments using methanol and ethanol instead of DGBE (SI
Figures S8 and S9). Fluoride measurements from an experi-
ment with 50 mM S2O8

2−, 5 μM PFOA, and 100 mM methanol
showed a 44% loss of total fluorine from the system with no
indication of fluoride production (Figure 7). Analysis of
samples from this experiment using LC-MS/MS in full-scan
mode did not indicate the formation of any transformation
products.

The lack of detectable organic transformation products or
fluoride suggests that the PFOA loss observed in experiments
with high solvent concentrations was due to volatilization. To
test this hypothesis, S2O8

2−-free controls were run at varying
pH values (SI Figure S10). The observed pH-dependent loss of
PFOA was consistent with volatilization of the protonated form
of PFOA. Although the pKa of PFOA is low (estimates range
from −0.531 to 3.832), under the acidic conditions that
predominated in the treatment experiments (i.e., the pH
dropped below 1.8 in the persulfate-containing tests samples
after 1 h) there was enough protonated PFOA for loss by
volatilization to be significant over the course of the 7.5 h
experiments.

Implications for Groundwater Remediation. Heat-
activated persulfate under acidic conditions resulted in
conversion of both fluorotelomer-based and sulfonamide-
based PFAA precursors into PFCAs, which were further
degraded and eventually mineralized. The efficiency of the
persulfate treatment process decreased in the presence of

Figure 4. Heat-activated persulfate treatment of Ansul AFFF in aquifer
sediment slurry. 21 000-fold dilution of AFFF, [S2O8

2−]0 = 50 mM,
pH0 = 3.5, T = 85 °C. A second persulfate aliquot of 50 mM was
added after 7.5 hours. Bars represent the mean of duplicate
measurements. The solid line with circles represents 6:2 FtTAoS in
persulfate-free controls (n = 1).

Figure 5. Heat-activated persulfate treatment of 3M AFFF in aquifer
sediment slurry. (a) PFSAs; (b) PFCAs. 83,000-fold dilution of AFFF,
[S2O8

2−]0 = 50 mM, pH0 = 3.5, T = 85 °C. A second persulfate aliquot
of 50 mM was added after 7.5 hours. Bars represent the mean of
triplicate measurements. Solid lines with circles represent the sum of
PFSAs or PFCAs in persulfate-free controls (n = 1).
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20 g/L of aquifer solids. In the presence of organic solvents
similar to those used in AFFF, PFOA transformation was less
efficient, but followed the same apparent mechanism as in
ultrapure water when DGBE concentrations were below 50
mM. At higher solvent concentrations, scavenging of SO4

•− by
solvents prevented PFOA transformation. Some PFOA
volatilized under the hot, acidic conditions typical of ISCO.
Persulfate did not degrade PFOS or PFHxS.
These experiments indicate that heat-activated persulfate has

the greatest potential as an in situ remedial treatment at sites
where PFCAs or fluorotelomer-based precursors predominate.
At sites where PFSAs are also present, heat-activated persulfate
could be used as part of a treatment-train approach to reduce
the contaminant mass in source zones, but groundwater
extraction and ex situ treatment by physical processes would
still be required. Inhibition of PFAS treatment by solvent co-
contaminants will likely be less important at remediation sites
than in the experiments described here, because real-world
solvent concentrations are typically less than the concentrations
at which PFOA transformation was inhibited in the experi-
ments. However, treatment trains combining surfactant or
cosolvent flushing with ISCO33 are likely to be ineffective for

PFAS transformation due to oxidant scavenging by the
surfactant or cosolvent.
Heat-activated persulfate converts PFAA-precursor com-

pounds in AFFF, which are numerous, poorly understood,
and difficult to measure, into a discrete set of PFCA
transformation products. Standard analytical approaches,
subsurface transport properties, toxicology data, and regulatory
guidance are all better known for PFCAs than PFAA-
precursors. In this way, persulfate ISCO could serve as a
means of reducing the uncertainty associated with AFFF
remediation and facilitate faster and more cost-effective site
cleanup.
A major disadvantage of using heat-activated persulfate to

treat AFFF-impacted sites is the generation of potentially
harmful byproducts. Production of short-chain PFCAs is

Figure 6. Heat-activated persulfate treatment of PFOA in the presence
of varying concentrations of DGBE. (a) PFOA; (b) PFCAs after 7.5 h.
[S2O8

2−]0 = 50 mM, T = 85 °C. All data points represent a single
measurement.

Figure 7. Heat-activated persulfate treatment of PFOA in the presence
of methanol. (a) PFCAs. Bars represent the mean of triplicate
measurements. The solid line with circles represents PFOA in
persulfate-free controls (n = 1); b) Fluorine mass balance. [S2O8

2−]0
= 50 mM, [CH3OH]0 = 100 mM, [PFOA]0 = 5 μM, T = 85 °C. Each
data point in the series “F PFCAs” represents the mean of triplicate
measurements. Each data point in the series “F-“ is calculated using a
linear regression of six standard addition measurements. Error bars for
series “F-“, calculated as the standard error of the slope of the
regression fore each standard addition curve, are too small to be
visible. The series “F Total” represents the sum of “F PFCAs” and “F-”.
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undesirable because they are mobile in the subsurface and
difficult to treat using sorptive technologies. Although little is
known about the mobility or treatability of PFAA-precursors,
short-chain PFCAs are expected to be more mobile in
groundwater34 and have been shown to be more poorly
retained on granular activated carbon and ion exchange resins
than the long-chain homologues.35,36 Chemical oxidation also
produces ClO3

− through scavenging reactions with Cl−,30 and
liberation of F− from PFAS under acid conditions could
generate potentially hazardous concentrations of HF (i.e., the
pKa of HF is 3.2).
The potential adverse consequences of aquifer acidification

resulting from S2O8
2− treatment include mobilization of metals

through dissolution of metal oxides, and impacts to the
microbial community. These impacts could be mitigated by
neutralizing groundwater after PFAS treatment is complete.23

In spite of these disadvantages, heat-activated persulfate is one
of the more promising options available for in situ treatment of
PFAS at sites impacted by AFFF.
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