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electron paramagnetic resonance (EPR) spectroscopy studies with a spin trapping agents (5,5-dimethyl-1-pyr-
roline N-oxide (DMPO)) and 2,2,6,6-tetramethylpiperidine (TEMP) revealed that singlet oxygen was not the
main oxidizing species in the reaction. DMPO was oxidized to form 5,5-dimethylpyrrolidone-2(2)-oxyl-(1)
(DMPOX), which forms in the presence of strong oxidizers, such as sulfate radicals. The persulfate/PAC sys-

tem is demonstrated to simultaneously degrade both perfluorooctanoic acid (PFOA) and 1,4-dioxane at room
temperature and 11 °C. With a 20 g L* PAC and 75 mM persulfate, 80 % and 70 % of the PFOA and 1,4-dioxane,
respectively, degraded within 6 h at room temperature. At 11 °C, the same PAC and persulfate doses led to 57%
dioxane degradation and 54 % PFOA degradation within 6 h. Coupling PAC with persulfate offers an effective,
low-cost treatment for simultaneous destruction of 1,4-dioxane and PFOA.

1. Introduction

Persulfate oxidation chemistry, which can be applied as either in or
ex situ remediation technology, has become an increasingly common for
the treatment of contaminated soil and groundwater. Persulfate has an
oxidation potential of 2.01 V. Upon activation, persulfate produces
reactive oxygen species (ROS) with even higher oxidation potential,
which react non-selectively with groundwater contaminants (Manz and
Carter, 2017, 2018; Matzek and Carter, 2016; Tsitonaki et al., 2010).
Activation of persulfate (S0%) can be achieved using external energy
from sources including heat, UV light irradiation, microwave, chemical
reaction (with transition metals such as iron or alkaline pH adjustment)
(Furman et al., 2010; Matzek and Carter, 2016; Mitchell et al., 2014).
The primary ROS produced by persulfate is the sulfate (SOFH) radical (E°
= 2.6 V) (Reaction 1) (Kolthoff and Miller, 1951). Activation tech-
niques that utilize energy, such as heat and UV light, form two sulfate
radicals (Reaction 1), through cleavage of the peroxide bond in the
persulfate anion. Activation techniques that rely on an electron donor,
such as a transition metal, generate a single sulfate radical (Reaction 1)
through an oxidation-reduction reaction. Secondary radicals propagate
from sulfate radical reactions, including the reaction with water to form
the hydroxyl (oHHY (B0 = 2.8 V) radicals (Reaction 2). In-situ chemical
oxidation (ISCO) using persulfate activated by chemical reaction has
become more widespread; however, maintaining the activator in the
subsurface is critical for in-situ implementation.

$,0;” +activator— SO, + (SO, or SOi") @

SO; + H,0— OH + H"+S03" 2

Carbon-based materials are ideal persulfate activators for application
in situ because they do not change form with pH change and have high
surface areas. A variety of carbon materials, including biochar, carbon
nanotubes, activated carbon (AC), granular activated carbon (GAC), and
carbon materials doped with heteroatoms, have been shown to yield
persulfate activation at 25 °C (Fang et al., 2015; Huang et al., 2021; Lee
et al., 2015, 2020; Liu et al., 2022b). Activated carbons, including
colloidal, powder and granular forms, are of particular interest for use as
an in-situ persulfate activator because they can be used to create
permeable adsorptive barriers (PABs) for contaminant retention of
groundwater contaminants, such as per- and polyfluorinated alkyl sub-
stances (PFAS) (Annamalai et al., 2022; Coyle et al., 2021; Liu et al.,
2022a, 2020a; Masud et al., 2022; McGregor, 2018, 2020; Septian et al.,
2021). In PABs, colloidal activated carbon and PAC are injected for
groundwater remediation under pressure; the particles do not transport
substantial distances (e.g., < 1 m) and thereby creates a zone of porous
media containing AC which adsorbs the contaminants without reducing
the permeability of the native porous medium (Liu, 2020a). Thus, by
combining persulfate and an absorptive technology, the permeable
barrier could provide both adsorption and reactive transformation of
groundwater contaminants to establish a permeable reactive barrier
(PRB).

The mechanism of persulfate activation using activated carbons has
not been established in the literature due in large part to the complicated
nature of the reaction (Duan et al., 2017). Both radical and non-radical

pathways have been proposed (Lee et al., 2013, 2022; Yang et al., 2011;
Yao et al., 2019). In radical pathways, sulfate radicals are thought to
form through electron conduction and then further react with water to
form hydroxyl and/or superoxide (O3) radicals, or to form radicals at the
surface of the PAC (Reactions 3 and 4, respectively) (Huang et al.,
2021; Liang et al., 2009). In non-radical forming pathways, it is thought
that surface electron transfer occurs, an activated complex forms at the
surface of the carbon material, or singlet oxygen is generated (Huang
et al., 2021; Yao et al., 2019). Many studies have utilized radical
quenching experiments that employ radical scavengers, such as meth-
anol and tert-butyl alcohol, to determine whether the reaction is radical
or non-radical forming (Forouzesh et al., 2019; Huang et al., 2021; Yang
et al.,, 2011; Zhang et al., 2021a). Interpretation of these experiments
can be difficult with carbon-based activation because of adsorption.
Thus, radical quenching experiments have led some researchers to
suggest the involvement of radicals, while leading others to suggest a
non-radical forming mechanism (Duan et al., 2016; Yang et al., 2011).

GACsurface — OOH + 5,03 — SO, + GACsurface — 00 + HSO,
3

GACsurface— OOH + 5,03 — SO, + GACsurface — O+ HSO,  (4)

Nevertheless, carbon and persulfate based PRBs offer a relatively
low-cost, in-situ technology for remediation of persistent chemicals,
such as per- and polyfluorinated alkyl substances (PFAS). The occur-
rence of PFAS, including perfluorooctanoic acid (PFOA), was signifi-
cantly correlated with 1,4-dioxane in data collected from US public
drinking water supplies as a part of third round of the Unregulated
Contaminant Monitoring Rule (Adamson et al., 2017). Thus, PFOA and
1,4-dioxane are common co-contaminants in groundwater (Suthersan
et al., 2016). PFOA and 1,4-dioxane have clean-up guidance that ranges
from 1 to more than 1000 ng L (Abunada et al., 2020; Li et al., 2010;
McElroy et al., 2019; Simon et al., 2019). Although ACs provide high
sorption capacity for longer chain PFAS (Liu et al., 2020a; McCleaf et al.,
2017). However, adsorption is ineffective for 1,4-dioxane removal due
to its low adsorption capacity to carbon (McElroy et al., 2019). It has
been observed that 1,4-dioxane is readily oxidized by unactivated per-
sulfate, SOz, and HO  (Cashman et al., 2019; Evans et al., 2019; Kambhu
et al.,, 2017; Zhao et al., 2014), while PFOA oxidation requires the
generation of sulfate radicals (Bruton and Sedlak, 2017; Lee et al.,
2012a, 2012b; Shojaei et al., 2021). Previous studies have reported that
persulfate can oxidize organic contaminants, including PFOA, in the
presence of activated carbon (AC) (Lee et al., 2020, 2013; Sun et al.,
2016; Yao et al., 2019). However, temperatures representative of actual
groundwater conditions have yet to be studied (most experiments have
been performed at >20 °C).

Activation of persulfate by AC at ambient temperature presents the
potential for soil and groundwater remediation of contaminant mixtures
with a range of susceptibilities to oxidative and sorptive treatment. This
technology may be applied in-situ to contaminated groundwater as a
PRB, which could offer a cost-effective remediation strategy in com-
parison with ex situ treatment, which requires extraction, treatment with
multiple energy-intensive processes, and the management of secondary
waste streams such as spent carbon. Understanding the mechanism of
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persulfate activation using powdered AC (PAC) and its effectiveness at
low temperatures is essential for in-situ application of PAC and persul-
fate. In the present study, we performed lab-scale batch studies at 5, 11
and 22 °C to understand persulfate activation. We then characterized
the PAC before and after activation using fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Brunauer-
Emmett-Teller (BET) surface area, and thermogravimetric analysis
(TGA) and employed EPR spectroscopy to investigate the activation of
persulfate by PAC and radical formation. Finally, we demonstrate the
efficacy of the PAC-persulfate system for simultaneous degradation of
PFOA and 1,4-dioxane.

2. Materials and methods
2.1. Chemicals and reagents

All solutions were prepared using water purified by a Millipore Milli-
Q® Reference purification system (18.2 MQ.cm at 25°C and total
organic content below 5 ppb). Inorganic salts were purchased from
Fisher Scientific (Waltham, MA, USA) (Total Ionic Strength Adjustment
Buffer (TISAB), 10 ppm fluoride with TISAB standard, and anhydrous
potassium persulfate, sodium bicarbonate, magnesium sulfate, sodium
chloride, and calcium chloride); except for potassium iodide (99%) and
potassium chloride, which were purchased from Alpha Aesar and
Macron Fine chemicals, respectively. Darco® PAC (100 mesh) was
purchased from Millipore Sigma (Burlington, MA, USA). 1,4-dioxane
(99.8% extra dry) and perfluorooctanoic acid (PFOA) (96%), were
purchased from Acros Organics and Sigma Millipore, respectively. Mass
spectrometry analysis revealed that the PFOA contained per-
flurocarboxylc acid (PFCA) impurities, including perfluorobutanoic acid
(PFBA) (0.04 wt%), perfluoropentanoic acid (PFPeA) (0.17 wt%), per-
fluorohexanoic acid (PFHxA) (3.64 wt%), and perfluoroheptanoic acid
(PFHpA) (13.8 wt%). Certified reference standards were used for
quantitation of 1,4-dioxane (purity > 97%) and perfluoro carboxylic
acids (PFCAs) and were purchased from Accustandard (New Haven, CT,
USA) and Wellington Laboratories (Overland Park, KS, USA), respec-
tively. 5,5-dimethyl-1-pyrroline N-Oxide (DMPO, 97.0 +%) was ob-
tained from TCI Chemicals (Portland, OR, USA) and 2,2,6,6-
tetramethylpiperidine (TEMP) was purchased from Millipore Sigma
(Burlington, MA, USA). Ammonium acetate solution (5 M, LC-MS grade)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure
water (UHPLC-M grade) and methanol (LC-MS grade) were purchased
from Thermo Fisher Scientific (Waltham, MA, USA) and isotopically
labeled PFAS internal standards (perﬂuoro—n—(13C4) butanoic acid, per-
ﬂuoro—n—(13C5) pentanoic acid, perfluoro-n-(1,2,3,4,6 - 13C5) hexanoic
acid, perﬂuoro-n—(l,2,3,4-13C4) heptanoic acid, and perﬂuoro-n-(13C8)
octanoic acid) were obtained from Wellington Laboratories (Overland
Park, KS, USA).

2.2. Room temperature reactivity studies

Batch reactor experiments were carried out in triplicate in 1 L amber
high-density polyethylene (HDPE) bottles at room temperature (22
+ 3 °C) using previously described methods (Manz et al., 2018, 2021).
Solutions containing 1, 10, 15 and 20 g L' PAC were prepared in ul-
trapure water. The PAC was not washed prior to performing the ex-
periments, thus; we did not remove any metal impurities. Solutions for
the batch experiments contained the following: (1) ultrapure water (in
all cases), (2) PFOA, PFHpA, PFHxXA, PFPeA, and PFBA, (3) 1,4-dioxane,
or (4) PFOA and 1,4-dioxane. For experiments with 1,4-dioxane and
PFOA, controls without PAC were used to monitor losses to volatiliza-
tion. The batch reactors were equilibrated for 96 h by mixing on a
shaker. For low temperature experiments (5 and 11 + 1 °C), the batch
reactors were moved to a shaker in either an ice bath or refrigerator.
After 96 h of total mixing and temperature stabilization, the batch re-
actors were spiked with potassium persulfate to initiate the reaction so
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that the final persulfate concentration was 75 mM. Potassium persulfate
stock solutions were prepared 30 min prior to addition to the reactors.
Experiments were carried out for a duration of 6-12 h and 10 mL ali-
quots of the reaction mixture were collected at each time point. The
samples were pipetted into a 15 mL centrifuge tube containing 500 pL
methanol to immediately quench the reaction of the radical species with
PFCAs and 1,4-dioxane. The aliquots were immediately subjected to
persulfate concentration analysis (Liang et al., 2008) (10 pL aliquots
were added to 5 mL potassium iodide, described in the SI) and pH
measurement. The pH was measured using a Mettler Toledo™ S220
SevenCompact™ pH/ion bench-top meter (Columbus, OH, USA). Sulfate
(SO?{) concentration was measured using a Metrohm 920 Absorber
Module and 930 Compact IC Flex ion chromatograph (measurement
details in the SI). Samples were filtered with a 0.2 ym syringe filter
(Corning, Part No. 431224, Corning, NY, USA) and then diluted by
taking 10 pL aliquots and adding 10 mL DI water. For measurement of
the fluoride ion concentration, 1 mL aliquots were diluted in 1 mL of
TISAB buffer and the concentration was measured using a fluoride se-
lective probe (LOD = 0.5 uM) (Martinez-Mier et al., 2011; Tusl, 1972).
The tubes were stored in a refrigerator at 4 °C and the mixture was
centrifuged at 5000 rpm for 10 min prior to analysis. For the 1,
4-dioxane measurements, 3-5 mL of the supernatant was added to a
GC-headspace vial containing 400 uL of methanol and 2 g of sodium
chloride. For the measurement of PFCAs, 1 mL of the supernatant was
pipetted into a 2mL centrifuge tube containing 100 pL
isotopically-labeled PFOA, PFHxA, PFHpA, PFPeA, and PFBA standards
in methanol and extracted using a previously described liquid-liquid
extraction procedure with methyl tert-butyl ether (Liu et al., 2020b).
Details of the targeted analysis are described in the Supporting Infor-
mation and Table S1. Non-targeted LC-MS analysis was performed to
detect additional reaction byproducts and the methods used are
described in the Supporting Information. Standard error of the data is
represented in the figures using error bars, which was calculated by
dividing the standard deviation by the square root of the number of
observations. Details of the measurements used to determine persulfate,
1,4-dioxane, and PFCA concentrations are described in the Supporting
Information. After reacting 15 g of PAC with 75 mM potassium persul-
fate for 24 h, the spent PAC was recovered using vacuum filtration with
Grade 42 Whatman filter paper on a Buchner funnel. The spent PAC and
fresh PAC were characterized and compared using FTIR to investigate
oxygen-derived functional groups, XPS to characterize the surface
chemistry, Ny vapor isotherms to determine surface area and pore size
distribution (PSD), and TGA to was used to quantify the mass loss when
the samples are heated (see Supporting Information). Room temperature
X-band (9.8 GHz) EPR spectroscopy measurements were performed on
an EMX-plus continuous-wave (CW) spectrometer (Bruker BioSpin Cor-
poration). DMPO and TEMP were used as the spin-trapping agent to
probe the radical species in the reaction mixture containing persulfate
and PAC. Details of the EPR methods used and spectral simulations are
described in the Supporting Information.

2.3. PFAS Mass Balance

A mass balance experiment was performed at room temperature (22
+ 3°C) to assess complete PFAS destruction. Solutions for the mass
balance experiment contained the following: (1) ultrapure water (in all
cases) and PFOA, (2) PFOA and 20 g L PAC, and (3) PFOA, 20 g LPAC
1 and 75 mM persulfate. The batch reactors were equilibrated for 96 h
by mixing on a shaker prior to spiking with persulfate. The reaction was
carried out for 24 h. Persulfate was measured at the end of the 24 h and
was not detected. For each reactor, the aqueous phase was sampled and
analyzed for PFCA concentration and inorganic fluoride concentration
(analysis details in the SI). The PAC was recovered from the batch re-
actors were collected by vacuum filtration with Whatman filter paper
(retains 2.7 um particles and larger) on a Buchner funnel. PFCAs were
extracted from 6 g of PAC using methyl tert-butyl ether (MTBE) as
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previously reported (Al Amin et al., 2020; Zhang et al., 2021b). The
extraction was performed by spiking the samples with internal standard,
adding 5 mL MTBE, centrifuging for 5 min at 14,100g to remove par-
ticulates, transferring the supernatant to a new vial, and repeating for a
total volume of 15 mL MTBE. The final extract was analyzed by
LC-MS/MS (details in SI).

2. Results and discussion
2.1. Mechanism of persulfate activation by PAC

2.1.1. Persulfate activation batch studies

Persulfate activation at room temperature in ultrapure water at doses
of 1,10,15,and 20 g L1 PAC are shown in Fig. 1a. Although the initial
concentration of persulfate was the same in all samples (75 mM), the
experimental results indicated that the persulfate concentration
decreased exponentially at higher PAC doses. The exponential decrease
of the persulfate concentration suggested pseudo-first order kinetics in
persulfate disappearance, which enabled the use of Eq. 5:

In <£> =
Co
where C is the persulfate concentration at a specific time, t, C, is the
initial persulfate concentration, and ks is the pseudo-first order reac-
tion rate constant. The value of ks was determined by plotting the In of
the ratio C to C, as a function of time (Fig. 1b) and the rate constants are
presented in Table 1. With the exception of the plot with a 1 g L! dose of
PAC (R® = 0.81), all of the plots were linear with R? values greater than
0.98. The reaction rate constants are plotted as a function of the PAC
dose in Fig. 1e. The reaction rate increased exponentially with the PAC
dose applied, and the pseudo-first order reaction rate constant, kops, was
subsequently used to calculate the half-life of persulfate. The persulfate
half-life decreased as the PAC dose increased, ranging from 0.92 to
63.8 h (Table 1). The pH profiles for these experiments are displayed in
Fig. S1. As expected, pH rapidly decreased and remained around pH 1.1
throughout all of the conditions tested. Fig. S2 displays the production of
sulfate (SO%’) production during experiments with 20 g Ll PAC and

obs * [ (5)
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Table 1
Pseudo-first-order reaction rate constants for persulfate activation as PAC dose
increased.

Potassium Persulfate PAC (g L T(CC)  kobs (s1) ti2(h) R?
(mM) p)
75 1 22 3.06 x 10 63.8 0.81
6
75 10 22 4.00 x 10 4.82 0.99
5
75 15 22 1.19 x 10 1.61 0.98
4
75 20 22 2.10 x 10 0.92 1.00
4
75 20 5 6.70 x 10 2.87 0.98
5
75 20 11 1.36 x 10 1.42 0.99
4

75 mM potassium persulfate at 22 °C. After 4 h, the sulfate concentra-
tion appears to reach a maximum concentration, which coincides with
persulfate depletion in Fig. 1b. The theoretical maximum sulfate con-
centration that could be produced by 75 mM persulfate is 150 mM (2
sulfate anions generate for every 1 persulfate anion). The maximum
sulfate concentration detected was 135 mM, which is within 10 %
experimental error, indicating that a ratio of persulfate added to sulfate
generated was nearly 2:1.

Batch studies of persulfate activation were also performed at lower
temperatures (5 and 11 °C) with 20 g L'} PAC. The decay of persulfate at
these temperatures and the natural log of the ratio C to C, as a function
of time are shown in Figs. 1c¢ and 1d, respectively. As expected, higher
temperatures led to higher rates of persulfate activation. However,
persulfate activation was achieved at both 5 and 11 °C. This indicates
that persulfate activation could be achieved using PAC in-situ in loca-
tions or during seasons where temperatures might be colder. Activation
energy was calculated by creating an Arrhenius plot (Fig. S3), which
relates the natural log of the reaction rate constants to the inverse of
temperature (°K) and Eq. 6, where AG is the change in free energy and R
is the ideal gas constant (J mol! K!). The calculated change in free
energy was — 50.3 kJ mol}, indicating an exergonic reaction. However,

25

Persulfate (mM)
Persulfate (mM)

1.5 1

Kops X 1074 (s°)

9 10 11 12

0.0 T T T T
0 5 10 15 20

-1.2
-1.7 4

In (C/C,)

In (C/C,)

2.2 4

T 2.7
b) d)
35 : — 32 .

PAC dose (g/L)
25

Kops X 1074 (s7)

0.5 A

012 3456 7 8 9101112 0 1
Time (h)
1 g/L PAC 10 g/L PAC

15g/L PAC ——20 g/L PAC e5C

. . f
2 3 4 0.0 :

Time (h) 0 5 10 15 20
11C ©22C Temperature (°C)

Fig. 1. (a) Decrease in persulfate concentration at room temperature (22 °C) with doses PAC ranging from 1 to 20 g L. The initial persulfate concentration was
75 mM. The data was fitted to pseudo-first order kinetics, which are shown in (b). (c) Batch studies with 20 g L PAC and 75 mM persulfate were repeated at 5 and
11 °C, with the pseudo-first order kinetics fits shown in (d). The trends of the observed reaction rate constants with the PAC dose and with temperature are displayed

in (e) and (f), respectively. The error bars represent standard error (n = 3).
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it is important to note that the temperature range was relatively small
(10-25 °C) and the activation energy is likely to be PAC-dose dependent.
AG®
RT

In (krih.\ ) = (6)

2.1.2. PAC characterization

Spent PAC from the batch studies was recovered after persulfate was
completely consumed and characterized relative to the fresh PAC sam-
ple. Shown in Fig. S4 are the results of TGA analysis on fresh PAC and
spent PAC samples (PAC recovered after reacting 15 g L™ PAC in the
presence of 75 mM potassium persulfate for 12 h at room temperature)
that were heated to 950 °C in an inert gas and cooled to room temper-
ature. The spent PAC sample displayed large mass losses as the tem-
perature was increased from 220 °C and 600 °C in comparison to the
fresh PAC sample, which did not undergo any loss of mass. Persulfate
and oxygen-derived functional groups were removed in the form of SO,
and CO/CO- upon heating the spent PAC sample.

The Ny adsorption isotherms (Fig. S5) at 77 K were used to calculate
specific surface areas using the BET equation. As expected, the specific
surface area of fresh PAC was as high as 915 m? g’ in comparison to the
spent PAC, which had a specific surface area of 398 m? g'l. This in-
dicates a substantial reduction (58 %) in the available surface area of
spent PAC. The pore size distribution (PSD) of both samples is shown in
Fig. S6, where the PSD confirms the surface area loss in the spent PAC.
The pore space that was lost was primarily microporosity (< 2 nm).
Moreover, the micropore volume calculated from Nj isotherm data using
the Dubinin-Radushkevich (DR) equation decreased from 0.342 cc g'1 in
fresh PAC to 0.149 cc g'! in spent PAC. The reduction in micropore
volume was consistent with the 58 % loss of surface area of spent PAC.
Heating of the spent PAC to 950 ‘C showed partial of the surface area and
porosity, The oxygen-derived functional groups and persulfate moieties
that were released from the PAC surface during persulfate activation
may have resulted in the release of gaseous carbon, which altered the
microporosity of the parent sample.

FTIR spectra (Fig. S7) displayed peaks at 1160 cm™ and 1715 cm™ in
spent PAC that were indicative of the presence of the oxygen-derived
functional groups, epoxide (C-O) and carboxyl or ketones (C=O),
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respectively. The adjacent peak observed in fresh PAC at 1585 cm™ is
commonly attributed to the vibration frequency of a pristine graphenic
domain (C=C). As expected, the fresh PAC FTIR spectrum only dis-
played the C—=C vibrations at 1585 cm™, suggesting the absence of
significant oxygen-derived functionalities. Shown in Fig. S8 and
Table S2 are the results of the XPS analysis of the spent PAC and PAC
samples. The spent PAC sample showed weak potassium binding en-
ergies (Fig. S8) and ~ 2.9 atom % of sulfur, indicating the presence of
potassium and persulfate. The XPS results also revealed a high level of
oxidation for spent PAC with a C:O ratio of 4.3:1, in comparison with a
C:O ratio of 18.1:1 for the fresh PAC. These findings present unambig-
uous evidence that there was severe oxidation of the PAC surface during
persulfate activation. Furthermore, these bonds were broken when
heated to 950 C by an inert gas. Thus, Reactions 4 and 5 in Scheme 1
could not be the primary mechanism for organic contaminant degra-
dation using PAC and persulfate because of the absence of oxygen-
derived functional groups on the PAC surface.

2.1.3. Mechanism of persulfate activation by PAC

EPR spectroscopy was used to explore radical formation during room
temperature persulfate activation by PAC. Fig. 2a displays the experi-
mental EPR spectra of a mixture of 75 mM potassium persulfate with
140 mM DMPO, 15 ¢g L' PAC with 140 mM DMPO, and 15 g L! PAC
and 75 mM potassium persulfate with 140 mM DMPO. Previous EPR
studies had suggested that the activation of persulfate by PAC is non-
radical forming (Yao et al., 2019) due to the absence of EPR signals
with the spin trapping agent, DMPO, at ambient temperature. However,
it is possible that the concentrations of persulfate (2.5 mM) and DMPO
(100 nM) employed were too low, and the radical adducts were absor-
bed or quenched by AC. Thus, a higher persulfate concentration was
used in the present study in conjunction with two control experiments
(Fig. 2). The first control in the presence of PAC and DMPO did not result
in EPR signals, suggesting no spins were captured. The second control
with persulfate and DMPO generated EPR signals. As shown in Fig. 2, the
resulting EPR spectrum indicated the formation of DMPO-SO;4 (six lines,
1:1:1:1:1:1) and DMPO-OH (four lines 1:2:2:1). Although the peak in-
tensity was low, these data indicate the generation of SO; and OH’
without the addition of PAC. A mixture of PAC and DMPO in the

Fig. 2. EPR spectrum of radical adduct formed
with 140 mM spin trapping agent DMPO in 20 °C
batch studies with both 15 g L'! PAC and 75 mM
persulfate (black line), 75 mM persulfate and no
PAC (red line), and 15 g ! PAC and no persul-
fate (blue line) shown in (a) after 30 min of
reacting. The formation of the radical adduct
over time is displayed in (b). The intensity
plotted is the peak intensity of the peak labeled
with a * in (a). Experimental (top) and simulated
(bottom) EPR spectrum of a mixture of 15 g L*
PAC and 140 mM DMPO with 75 mM potassium
persulfate are displayed in (c). The spectral
n ﬂ simulation using a single component fit yielded
’ Ii 1N and 'H hyperfine coupling constants of

b 7.27 G and 4.04 G, respectively.
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presence of persulfate resulted in stronger EPR signals (Fig. 2), however,
the line shape pattern was not characteristic of hydroxyl or sulfate
(DMPO-OH or DMPO-SO4) (Fagan et al., 2022). We performed numer-
ical simulations to determine the identity of the radical species that
resulted in the strong EPR signals in Fig. 2a. As can be seen in Fig. 2¢, the
simulated spectral line shape is in excellent agreement with the exper-
imental spectrum obtained from the mixture of PAC and DMPO in the
presence of persulfate. The N and 'H hyperfine coupling constants, Ay
and Ay;/Apz for the nitrogen and gamma hydrogen atoms of DMPO,
were 7.27 G and 4.04 G, respectively. The '*N hyperfine coupling con-
stant of 7.27 G has been shown to be characteristic of a DMPOX radical
species (Barr and Mason, 1995; Buettner, 1987). Thus, the spectral
simulations confirmed that the radical adduct formed in PAC activation
of persulfate was 5,5-dimethylpyrrolidone-2(2)-oxyl-(1) (DMPOX).
Previous studies have indicated that DMPOX is an oxidized derivative of
DMPO (Xiao et al., 2021). DMPOX has been observed when carbon
nanotubes, copper oxide, and metal nanoparticles were used to activate
persulfate (Ahn et al., 2016; Lee et al., 2015; Li et al., 2019). The for-
mation of DMPOX does not necessarily indicate that hydroxyl and sul-
fate radicals are absent; rather, it is an indication that DMPO,
DMPO-OH, or DMPO-SO; is oxidized much more rapidly than the for-
mation of the primary radical adducts (Bilski et al., 1996; Huang and
Zhang, 2019; Xie et al., 2019). Spin trap experiments were also per-
formed with TEMP to probe singlet oxygen as the nonradical species that
could lead to the formation of DMPOX. Fig. SO displays the experimental
EPR spectra of a mixture of 75 mM potassium persulfate with 100 mM
TEMP, 15 g L' PAC with 100 mM TEMP, and 15 g L' PAC and 75 mM
potassium persulfate with 100 mM TEMP. TEMP is a spin trapping agent
that reacts preferentially with singlet oxygen to form a stable nitroxide
radical, 2,2,6,6-tetramethylpiperineN-oxyl (TEMPO). A strong EPR
signal (three lines 1:1:1) was observed in all conditions, including the
controls. These results indicate that the DMPOX EPR signal is not related
to singlet oxygen generation, as the TEMPO triplet was observed even in
control experiments.

We replicated the spin trapping experiments with persulfate and PAC
to study the formation of DMPOX over time. As the reaction of persulfate
and PAC continued, EPR spectra of aliquots of the reaction mixture were
measured at regular time intervals (Fig. 2b and S10). The spectra ob-
tained after the initial mixing indicate that there was no change in the
radical species after 30 s, which suggests that DMPOX was formed in less
than 30 s. The intensity of the EPR signals increased for the first 10 min,
followed by a decrease in intensity, and sustained intensity from 20 to
90 min. Taken in concert, these results suggest the activation of per-
sulfate and formation of ROS was sustained.

Previous studies have reported that DMPO-SO4 is highly unstable
and immediately transforms to DMPOX (Du et al., 2019; Maeno et al.,
2015). Thus, rapid production of sulfate radicals likely leads to the
presence of a strong DMPOX EPR signal that was only observed when
both PAC and persulfate were present. SO4 has strong reactivity with
unsaturated bonds and shows a stronger tendency for electron extraction
than OH' (Huang et al., 2021). Hydroxyl radicals are unlikely to be
present, as the PAC/PS system efficiently degraded PFOA (data pre-
sented in the next section) and the hydroxyl radical is not reactive with
PFAS (Hori et al., 2008; Javed et al., 2020; Liao and Farrell, 2009; Patch
et al., 2022; Szajdzinska-Pietek and Gebicki, 2000; Vecitis et al., 2009).
However, the sulfate radical effectively degrades PFCAs (Lutze et al.,
2018; Sithnholz et al., 2021; Yang et al., 2020). Prior to the oxidation
reaction, the PAC consisted of pristine graphene, which has C=C. After
the reaction, the composition of the PAC changed, and an increase C-O
was observed. C=C has © bonds localized above and below the C-C ¢
bond. The © bonds are loosely bound, which allows an electrophile to
attract the electrons and form a new bond. Thus, PAC serves as an
electron donor in an oxidation-reduction reaction with persulfate (Re-
action 5). As the C=C bonds in the PAC are oxidized, persulfate accepts
the electrons from the n bonds, and the reduction reaction results in the
formation of a sulfate radical. As evidenced by the production of sulfate
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(Fig. S2), the peroxide bond in persulfate is cleaved. Thus, we propose
that the primary mechanism of persulfate activation is an
oxidation-reduction reaction where direct electron transfer from the
PAC results in reduction of persulfate to form a sulfate radical (Reaction
7).

PACsurface —C=C + $0; > SO, + SO;

)
+ PACsurface —C—C — OH

2.2. Application of the PAC/persulfate system to degrade PFOA and 1,4-
dioxane

2.2.1. Removal of 1,4-dioxane and PFOA at temperatures less than 25 °C

Prior to performing experiments with PAC, a control batch study (no
persulfate, no PAC) was performed with 1,4-dioxane, PFOA, and per-
sulfate. No persulfate activator was used, and the temperature was
maintained at 20 °C for 240 h. The initial pH of 7 was not adjusted at the
start of the experiment. The PFOA, dioxane, and persulfate concentra-
tions are displayed in Fig. 3. As expected, without an activator, the
persulfate concentration did not decrease, indicating that no persulfate
activation occurred. 1,4-dioxane was easily oxidized by persulfate, an
expected result based on prior studies (Félix-Navarro et al., 2007).
Despite reports that demonstrate PFOA can be degraded by persulfate in
solutions with an initial pH between 2.5 and 7.1 (Lee et al., 2012a),
PFOA did not degrade in our experiment. We surmise that persulfate was
not activated at this temperature without an activator; thus, an insuffi-
cient amount of SO; was produced to degrade PFOA. However, it is
plausible that the 1,4-dioxane competed in the reaction and reacted
preferentially with any SO4 that formed.

Batch studies were performed with PAC, persulfate, and PFOA and/
or 1,4-dioxane at room temperature to evaluate the effectiveness of the
combining PAC and persulfate to destroy contaminants at low temper-
atures. Prior to experiments with the addition of persulfate, adsorption
equilibrium experiments were performed for both PFOA and 1,4-
dioxane over 96 h (Fig. S11) to determine the length of time required
for adsorption to occur. Control experiments were also performed to
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Fig. 3. Competitive reaction of 1,4-dioxane and PFOA at room temperature
(20 °C) with 75 mM persulfate over 240 h (no activator used in this experi-
ment). Persulfate did not decompose over the 240 h, indicating no activation
occurred. 1,4-dioxane decreased, and the samples taken after 200 h are <LOD.
No decrease in PFOA concentration was observed. Error bars represent standard
error (n = 3).
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monitor for volatile losses. 1,4-dioxane reached adsorption equilibrium
within 24 h of mixing, while PFOA adsorption equilibrium was reached
within 96 h. Therefore, prior to adding persulfate to initiate the oxida-
tion reaction, PFOA and/or 1,4-dioxane were mixed with the PAC for a
minimum of 96 h to allow sorption of PFAS to occur prior to persulfate
addition. In these experiments, a greater amount of PFOA was adsorbed
to the PAC than 1,4-dioxane. The PFOA concentration decreased from
3500 u L! to 0.2 p L}, while 1,4-dioxane decreased from 1400 u L to
445 n L'L. This observation was expected and is consistent with the log
Kow values (—0.271 for 1,4-dioxane and 3.10 for PFOA). PFOA has a
higher log K,y value than 1,4-dioxane, indicating PFOA is more hy-
drophobic than 1,4-dioxane and has a higher tendency to adsorb to
PAC.”

Experiments with both PFOA and 1,4-dioxane present as co-
contaminants in the initial solution were carried out at 11 °C and
room temperature (22 °C) using PAC as an activator. Adsorption equi-
librium was established with PAC for 96 h at room temperature in
triplicate prior to spiking the reactors with persulfate. Following
adsorption, the concentration of PFOA was 40 nM and 1,4-dioxane
concentration was 450 nM. Short chain PFCAs were detected in the
initial solutions in low concentrations due to impurities in the PFOA
(PFBA, PFPeA, and PFHxA < LOD, and PFHpA = 0.035 nM). Following
adsorption at 11 °C, the initial concentrations were 2240 nM PFOA and
1.38 nM PFHxA (PFBA, PFPeA, and PFHpA < LOD). After 96 h of mix-
ing, the solutions were spiked with persulfate (75 mM, room tempera-
ture). The 11 °C experiment was carried out for 8 h while the room

11°C
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temperature experiment was carried out for 6 h. There was a decrease in
the PFOA and 1,4-dioxane concentrations at both 11 °C and room
temperature (Fig. 4). As PFOA degraded, shorter chain length carboxylic
acids were formed at both reaction temperatures, as indicated by an
increase in their concentrations. Initially PFHpA appeared in the room
temperature experiment, followed by the formation of PFHxA, PFPeA,
and finally PFBA. The same pattern was observed at 11 °C; however,
PFBA was < LOD throughout the experiment. The fluoride ion concen-
trations were less than the limit of detection throughout the entire
experiment.

2.2.2. PFAS mass balance

To assess PFAS destruction, additional batch experiments were car-
ried out at room temperature (22 °C) and sampled after 24 h. Two
control experiments were completed alongside the reactors containing
PFOA, 20 g L'! PAC, and 75 mM persulfate. In the PFOA only control,
PFBA, PFPeA, PFHxA, PFHpA, and PFOA were detected in the aqueous
phase (no PAC was added). In the control containing PFOA and PAC, all
5 PFCAs (PFBA, PFPeA, PFHxA, PFHpA, and PFOA) were detected in
both the aqueous phase and PAC extract. In the experiment containing
PAC and persulfate, high concentrations (18.9 umol L'l) of fluoride were
detected. All concentrations detected were converted to fluoride
equivalents (in pmol) and are displayed in Table S3 and Fig. S12. In the
PAC control, 84 % of the total amount of fluorine was recovered, and in
the PAC and persulfate experiment 86 % was recovered.

Fig. 4. Competitive reaction of 1,4-dioxane and
PFOA in 20 g L' PAC and 75 mM persulfate at

22°C

11 °C and room temperature over 8 and 6 h,
respectively. PFOA degraded into shorter chain
PFCAs as displayed in (a) and (d). In the 11 °C
experiment, after adsorption for 96 h, the initial
A PFOA concentration was 2240 nM. PFBA,
1 PFPeA, PFHxA, and PFHpA impurities found in
the 11 °C solution after adsorption were quan-
tified and were <LOD, <LOD, 1.38, <LOD nM,
respectively. Where concentrations are repre-

sented by C/Cpay, the maximums for the 11 °C
experiment were: 1.57 mM PFHpA, 15.1 nM
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PFHxA, and 191 nM PFPeA. In room tempera-
ture experiments, after adsorption for 96 h, the
initial PFOA concentration was 40 nM. PFBA,
PFPeA, PFHxA, and PFHpA impurities found in
the solution after adsorption were quantified
and were < LOD, < LOD, < LOD, 0.035nM,
respectively. Where concentrations are repre-
sented by C/Cpax, the maximums for the 22 °C
experiment were: 1.20 mM PFHpA, 10.7 nM
PFHxA, 0.376 nM PFPeA, and 0.148 nM PFBA.

As this experiment was performed with a lower
initial PFOA concentration, fluoride remained
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< LOD throughout both experiments. The
presence of PFCAs slowed down 1,4-dioxane
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2.2.3. PFOA degradation pathway discussion

The batch studies discussed above were repeated with PFOA alone at
a higher concentration to gain a better understanding of the mechanism
of PFOA degradation (initial concentrations were 6.84 x102 uM PFBA,
2.60 x10! uM PFPeA, 3.46 uM PFHxA, 12.8 uM PFHpA, and 67.1 uM
PFOA). The concentrations after adsorption, prior to spiking with per-
sulfate, were 8.80 x 10> uM PFBA, 2.6 x 102 uM PFPeA, 2.19 uM
PFHxA, 0.128 uM PFHpA, and 25.9 uM PFOA. The persulfate concen-
tration and pH profiles are shown in Fig. S13. The persulfate concen-
tration and pH decreased over 6 h in the persulfate batch studies.
Fig. S14a shows the change in PFOA, PFHxA, PFHpA, PFPeA, and PFBA
concentration after persulfate was added at room temperature. PFOA
decomposed rapidly (1970 nM initial concentration after adsorption)
with 97 % removal within 6 h of the initial reaction. Similarly, the
concentration of PFHxA and PFHpA also decreased by 72% and 76%,
respectively (the initial concentrations after adsorption were 17 nM
PFHpA and 219 nM PFHxA). The concentration of the shorter chain
length PFCAs, PFBA and PFPeA (2.05nM and 219 nM, respectively,
initial concentration after adsorption) increased over the course of the
6 h reaction, as did the concentration of fluoride ions (Fig. S14b). Prior
to adding persulfate, the total molar concentration of fluorine in solution
attributed to PFOA, PFHpA, PFHxA, PFPeA, and PFBA was 32,140 nM.
Fluoride ions were not detected in the initial samples and reached
5320 nM maximum concentration (17 % of the potential maximum).
Thus, complete PFCA mineralization did not occur. Using non-targeted
LC-HRMS analysis, additional byproducts were detected (Table S4),
including perfluoroheptanal (Fig. S15). Perfluoroheptanal peak area
reached a maximum at 30 min. Additional byproducts may have formed
that were not detected by LC-HRMS due to volatility, adsorption to the
PAC, or low stability.

Combining the targeted PFCA data and non-targeted analysis, we
propose PFOA degradation pathway (Fig. 5) in the persulfate/PAC sys-
tem. First, PFOA adsorbs to the PAC. When persulfate is added, the
persulfate is activated by the PAC to form a sulfate radical (Reaction 5),
which initiates the unzipping of PFOA (loss of a CF5 unit). The unzipping
reaction was revealed by detection of the generated PFCAs (PFHpA,
PFHxA, PFPeA, and PFBA). Detection of perfluoroheptanal gave insight
into the intermediates that may form in the unzipping reaction. Decar-
boxylation of PFOA is initiated by sulfate radical attack, which transfer
an electron to PFOA to form a perfluoroalkyl radical. The perfluoroalkyl
radical continues to react to form the perfluoro alcohol, which is un-
stable and undergoes HF elimination to form perfluoroheptanal. Per-
fluoroheptanal is then oxidized to form PFHpA, and this mechanism is
repeated until PFOA is eventually converted to PFBA. PFBA could be
further transformed to form F- and CO,.

3. Conclusions

The results of this work provide direct evidence that PAC activates
persulfate at ambient temperatures, resulting in degradation of PFOA
and 1,4-dioxane, which commonly occur in groundwater as co-
contaminants. In contrast to traditional methods used for persulfate
activation (e.g., heat, ultra-violet light, and electrolysis), activation
using PAC does not rely on an external energy source. Thus, a treatment
combining AC and persulfate has the potential to remediate contami-
nants in-situ in the absence of an activation agent or subsurface heating,
both of which can be prohibitively expensive. The observed activation of
persulfate using PAC also occurred at lower temperatures (5 or 11 °C),
confirming relevance to natural groundwaters. EPR spectroscopy
demonstrated that DMPO was rapidly oxidized to DMPOX, indicating
that highly oxidative radical species, likely sulfate radicals, were formed
during persulfate activation using PAC at room temperature. EPR studies
with TEMP demonstrated that singlet oxygen is not the primary reactive
oxygen species that leads to the formation of DMPOX. Taken in concert,
the EPR, PAC characterization, and activation data indicate sulfate
radical formation which resulted in rapid PFOA and 1,4-dioxane
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degradation. In potential field applications, persulfate and PAC could be
delivered in-situ to create a PRB that is able to simultaneously sequester
and destroy contaminants. Previous studies have demonstrated that PAC
is readily injectable into the subsurface and retained in quartz sands and
soils (Liu et al., 2020a). Therefore, treatment by persulfate and PAC
could be implemented by creating a PAC zone in the subsurface and then
injecting or mixing persulfate immediately up gradient from the PAC
zone. Additional studies with aquifer solids and natural soils are un-
derway to further evaluate the potential applicability of the PAC/PS
treatment for in-situ groundwater remediation.

Environmental Implications

We demonstrate the activation of persulfate using powder activated
carbon (PAC) at temperatures relevant to ground water (5 — 22 °C).
Electron paramagnetic resonance spectroscopy with spin trapping
agents showed that singlet oxygen was the primary reactive oxygen
species that leads to contaminant degradation. The method is applied to
simultaneously degrade perfluorooctanoic acid and 1,4-dioxane at low
temperatures. In contrast to the common persulfate activation methods,
activation using PAC does not rely on an external energy source. Thus, a
treatment combining AC and persulfate can potentially remediate con-
taminants in-situ in the absence of external energy at the subsurface,
which can be prohibitively expensive.
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