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ABSTRACT

Author: Saerom Park, Ph.D.
Institution: Purdue University
Degree Received: August 2017
Title: Lab-scale exploration of abiotic transformation approaches for groundwater remediation of
per- and polyfluoroalkyl acids.
Committee Chair: Dr. Linda S. Lee
Per- and polyfluoroalkyl acids (PFAAs), a group of per- and polyfluoroalkyl substances
(PFASs), have been extensively used in relatively large amount since the 1950s for industrial and
consumer applications such as surfactants, coatings, paper packing products, and fire-fighting
foams (e.g., aqueous film-forming foams (AFFFs)) due to their unique surfactant property and
extremely chemically and thermally stable nature. Of the known PFAAs, long chain
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) have received increasing
attention in recent years due to their global distribution, environmental persistence, biological
recalcitrance, bioaccumulative properties, and potential toxicities. Recently, other PFAAs such
as 6:2 fluorotelomer sulfonate (6:2 FTSA) and perfluorohexane sulfonate (PFHxS) were also
added to the list of USEPA Unregulated Contaminant Monitoring Regulation (UCMR3).
Research presented here focused on exploring at the lab-scale 4 technologies with
potential for use in-situ remediation of groundwater contaminated with PFAAs: (1) the abiotic
oxidation of PFOA, 6:2 FTSA, and PFOS using heat-activated persulfate (PS, 4.2~84 mM) at
20~60°C; (2) nanosized zero valent iron coated with palladium (Pd0/nFe0 NPs) to transform
PFOS, which was not transformed with PS; (3) vitamin B12 (VB12)

xvi

with nanosized zero valent zinc (nZn0) to defluorinate both branched (br-) and linear (L-) PFOS
and PFHxS isomers; and (4) permanganate (PM)-based technologies to transform PFOS in
buffered and unbuffered solutions at 65°C. In all studies, PFAA removal (or transformation) was
quantified by comparing the combined PFAA mass in aqueous phase and extracts if solid
particles were present to the initial PFAA mass measured in the applied PFAA solutions.
PFOA was successfully oxidized using heat-activated PS sequentially removing CF2
groups to shorter chain perfluoroalkyl carboxylic acids (PFCAs). 6:2 FTSA was also oxidized
first breaking the ethyl linkage and CF2‒CH2 bond generating PFCAs with subsequent CF2
removal like PFOA. No PFOS removal was observed even at 90°C and using higher PS
concentrations (84 mM). In the Pd0/nFe0 NPs systems, ~26% of PFOS removal was observed in
6 d at 45°C and initial pH of 3.4 whereas at 21 d, PFOS removal was reduced to <~5%.
Furthermore, generation of F‒ and SO42‒ as products of PFOS transformation was not observed
indicating that PFOS was not transformed. X-ray diffraction analysis (XRD) indicated that
apparent PFOS removal with Pd0/nFe0 NPs was due to strong adsorption of PFOS (not
extractable) onto Fe(OH)3 formed via nFe0 corrosion. Subsequently, PFOS was released through
the conversion of Fe(OH)3 to less sorptive FeO(OH) via Fe(II) catalyzed transformation. In the
process of exploring the reasons for apparent PFOS removal with Pd0/nFe0 NPs, PFOS as well as
other PFAAs were found to form complexes with Fe(II/III) ions. Complexed PFOS was not
detected for quantification by mass spectrometry (MS). In the VB12 with nZn0 systems, brisomers of PFOS and PFHxS were successfully defluorinated. However, L-isomers were not
altered; thus, limiting its usefulness for groundwater remediation given the dominance of Lisomer. As organic intermediates/products of br-PFOS and br-PFHxS defluorination, C8- and C7- based polyfluorinated sulfonates and C6- and C5- based polyfluorinated sulfonates were

xvii

identified, respectively. Lastly, no PFOS removal was observed using PM-based technologies
even with the use of Ru(III), NaHSO3, Fe(II), 2,2’-azino-bis(3-ethyl benzothiazoline)-6-sulfonate
(ABTS), microsized zero valent metals: mMg0 and mFe0 to catalyze the reaction.
None of the technologies explored were successful in transforming both L- and brper/polyfluoroalkyl caboxylates and sulfonates that co-occur at most sites. However, this study
has contributed to insight into the intermediates/products and defluorination pathways of brPFOS and PFHxS which can be used to design other remediation strategies and to study fate and
transport of them in environment mediums.

1

1. INTRODUCTION

This introduction briefly sets the framework for the research needs on exploring in-situ
applicable technologies at the lab-scale to transform perfluorooctanoic acid (PFOA), 6:2
fluorotelomer sulfonate (6:2 FTSA), perfluorohexane sulfonate (PFHxS), and perfluorooctane
sulfonate (PFOS) as representatives per- and polyfluoroalkyl acids (PFAAs). Detailed research
objectives and the organization of this Ph.D dissertation follow.
PFAAs, a group of PFASs (per- and polyfluoroalkyl substances), refer to compounds
containing the perfluoroalkyl moiety CnF2n+1- with various functional groups such as carboxylic,
sulfonic, sulfinic, phosphonic, and phosphinic acids. Due to their hydrophobic and lipophobic
properties, and chemical and thermal stability, PFAAs have been widely used since 1950 directly
or as part of numerous industrial and consumer products such as coating additives for food
packaging, corrosion inhibitors, lubricants, water repellents, and fire-fighting foams (Kissa
2001). Also, due to their extreme heat stability and ability to block oxygen and superior to other
foams for extinguishing hydrocarbon fuel fires, PFAAs have been commonly used as
components of aqueous film-forming foams (AFFFs) (Place and Field, 2012). Most military sites
have firefighting training areas for service aircrafts and training emergency personnel with
AFFFs. Repeated training with AFFFs for more than 30 years has resulted in exposure of AFFFs
over 600 sites to fire-fighting training areas in the USA alone (Rak and Vogel, 2009). AFFFs are
comprised of either fluorotelomer-based synthesized by ‘fluorotelomerization’ process (Rao and
Baker, 1994; Kissa 2001) or perfluoroocthylsulfony (POSF)-based surfactants synthesized
through an ‘electrochemical fluorination (ECF)’ process (Simons, 1949; 3M, 2000). In the ECF
process, the carbon chains are broken and rearranged which results in a mixture of linear (L-)
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70% and 30% branch (Br-) perfluorinated isomers (Alsmeyer et al., 1994; Buck et al., 2011).
PFAAs consists of mainly two classes of functional groups: perfluoroalkyl carboxylic acids
(PFCAs) and perfluoroalkyl sulfonic acids (PFSAs) (Place and Field, 2012; D’Agostino and
Mabury, 2013), which have been known as terminal products of microbial degradation of PFASs
(Conder et al., 2008; Dasu et al., 2013; Liu and Avenano, 2013; Royer et al., 2015; Shultze et al.,
2004). The widespread use of AFFFs has led to contributed to the increased occurrence of
PFAAs in diverse environmental components (Solla et al., 2012; Moody and Field, 1999; Moody
et al., 2003).
Of the known PFAAs, PFOA and PFOS have generated great concern from the
environment scientists and public health communities due to their widespread occurrence,
persistence, bioaccumulative properties, and negative impact on immune and thyroid system
(Fig. 1.1) (Conder et al., 2008; Lau et al., 2007; CDC, 2009, 2015). Recently, other PFAAs such
as 6:2 FTSA and PFHxS were listed on the USEPA’s third unregulated contaminant monitoring
rule (UCMR 3) due to their frequent occurrences. Such great concerns about PFOS and PFOA
have led to the phase out of their use by major manufacturers in the USA such as 3M in 2000 to
2002 (3M Company 2000; USEPA, 2000) followed by eight other major companies by 2015
(USEPA, 2006). In spite of these efforts, continual occurrence of PFOS and PFOA in the
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environment and exposure to humans and expected due to their persistence and generation from
precursor compounds (Dickenson and Higgins, 2016; Strynar and Lindstrom, 2008).

Figure 1.1 Number of publications on PFOA and PFOS (1991~2016) based on Web of Science
AFFFs-impacted groundwater surveyed at military sites found PFOA, PFOS, 6:2 FTSA,
and PFHxS in the low ppb to the low ppm range (105 ~ 6,570 µg/L for PFOA; 110 ~ 2,300 µg/L
for PFOS; ~14,600 µg/L for 6:2 FTSA; ~920 µg/L for PFHxS) (Hamilton Project Report, 2011;
Moody and Field, 1999, 2003; Shultz et al., 2004). These values are well above the USEPA
Provisional Health Advisory values of 70 ng/L for combined PFOA and PFOS for drinking water
announced in May, 2016 (USEPA, 2016). Even lower levels are being regulated by many
individual states (e.g., 11 ng/L for PFOS by Michigan Department of Environmental Quality and
40 ng/L for PFOA by New Jersey Department of Environmental Protection within US)
(Michigan Department of Environmental Quality, 2015; New Jersey Department of
Environmental Protection, 2007). Monitoring and regulation of C4 ~ C7 PFAAs are now being
requested as well (USEPA, 2016; Wilhelm et al., 2010)
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The frequent occurrence of PFAAs in numerous AFFFs impacted groundwater at military
sites with concentrations above regulated limits and the inability of microbes to further
degradation of PFAAs supports exploring feasible in-situ applicable technologies for PFAA
transformation. To date, literature has focused on PFOA transformation includes these for in-situ
use whereas studies exploring PFOS and 6:2 FTSA transformation using in-situ amenable
technologies are limited and none exist on PFHxS transformation. Therefore, the overall arching
goal of my Ph.D research is to contribute to finding viable and efficient in-situ amenable
technologies that can mineralize PFOA, 6:2 FTSA, PFOS, and PFHxS as representatives of
PFAAs.

1.1 Objectives
Objectives are to:
1. Evaluate the effectiveness of heat-activated persulfate ion (PS) on oxidation of PFOA,
PFOS, and 6:2 FTSA under conditions suitable for in-situ groundwater remediation at
different temperatures (20 ~ 60°C) and the reaction conditions,
2. Investigate the potential of Pd0/nFe0 NPs for reductive transformation of PFOS under
conditions amenable for in-situ use,
3. Quantify the % removal and % defluorination of PFOS and PFHxS isomers using
vitamin B12 (VB12) with nZn0 and identify organic intermediates and elucidate feasible
reaction pathways,
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4. Explore if using permanganate (PM)-based technologies can be catalyzed to transform
PFOS at both an unbuffered environmentally relevant pH (~6) and in a pH 4.5 phosphate
buffered solution.

1.2 Organization
This dissertation consists of 7 chapters including an introduction and the following 6 chapters.


Chapter 2. A brief literature review highlighting the physical/chemical properties of
selected PFAAs and abiotic oxidative and reductive remediation technologies for PFAA
transformation, is presented.



Chapter 3. Effectiveness of heat-activated PS on oxidation of PFOA, 6:2 FTSA, and
PFOS was evaluated under conditions suitable for in-situ groundwater contamination.
Half-lives of PFOA oxidation at 20 ~ 60°C were measured and oxidation products were
identified and quantified. [Published: Saerom Park, Linda S. Lee, Victor, F. Medina,
Aaron Zull, Scott Waisner, 2016, Heat-activated persulfate oxidation of PFOA, 6:2
FTSA, and PFOS under conditions suitable for in-situ groundwater remediation,
Chemosphere, 145; 376-383. Reproduced with permission from Elsevier Ltd, Copyright
2016]



Chapter 4. The processes including adsorption, aqueous Fe-complexation, and
transformation involved in PFOS removal observed in Pd0/nFe0 NPs systems are
discussed. % PFOS removal is quantified as a function of initial pH and temperature.
Also, complexation of PFOS and other PFAAs with dissolved Fe ions (Fe(II/III) were
quantified. [Saerom Park, Jenny E. Zenobio, Linda S. Lee, 2017, Perfluorooctane
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sulfonate (PFOS) Removal with Pd0/nFe0 Nanoparticles: Adsorption or Aqueous Fecomplexation, Not Transformation?, Journal of Hazardous Materials, 342; 20-28.
Reproduced with permission from Elsevier Ltd, Copyright 2017]


Chapter 5. Removal and defluorination of br-PFOS and PFHxS isomers using VB12 with
nZn0 at different temperatures are presented. The rate of PFOS isomer-specific removal
rates were quantified at 90°C, where they appeared to become pseudo-first order
reactions but not at other temperatures. Organic intermediates/products of br-PFOS and
br-PFHxS were identified and the most feasible reaction pathways were proposed. [In
review (es-2017-03744p): Saerom Park, Chloe de Perre, Linda S. Lee, 2017, Organic
Defluorination Products, Pathways, and Branched-isomer Specific Transformation Rates
for C8 and C6 Perfluoroalkyl Sulfonates with Vitamin B12-nanoZn0, Environmental
Science and Technology]



Chapter 6. The potential for PFOS to be transformed by catalyzed PM-based technologies
using Ru(III), NaHSO3, Fe(II), and 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonate
(ABTS), mMg0, mMg0, and mZn0 was evaluated at 65°C under unbuffered pH 6 and
phosphate buffered pH 4.5 solutions.



Chapter 7. The major findings from these studies are summarized followed by a
discussion on the environmental implications and future research needs.
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2. LITERATURE REVIEW

2.1 Physical/Chemical property of PFAAs
PFAAs (per- and polyfluoroalkyl acids), a group of PFASs (per- and polyfluoroalkyl
substances), refer to per- and polyfluoroalkyl compounds containing carboxylic, sulfonic,
sulfinic, phosphonic, or phosphinic acids functional groups. PFAAs exhibit hydrophobic and
oleophobic properties and are chemically and thermally stable, thus used in numerous industrial
uses such as wetting agents, lubricants, corrosion inhibitors, and stain resistant treatments and
fire-fighting foams (Buck et al., 2013; Giesy and Kannan, 2002). As a consequence of the
widespread use of PFAAs, PFAAs have been widely detected in environmental matrices such as
surface and groundwater, air, sludge, soil, sediments, and ice caps, wildlife, and humans (Buck et
al., 2011; Lau et al., 2007). Especially, of the known PFAAs, perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) have received the greatest attention due to their global
distribution, persistence, bioaccumulative properties and potentially carcinogenic nature, and
their impact on immune and thyroid system (Conder et al., 2008; CDC, 2009, 2015; Lau et al.,
2007). Recently, other PFAAs such as pefluorohexane sulfonate (PFHxS) and 6:2 fluorotelomer
sulfonate (6:2 FTSA) have been added to the list of USEPA Third Unregulated Contaminant
Monitoring Regulation (UCMR 3) due to their frequent occurrence and persistence (USEPA,
2015). Many PFAAs are known to be inherently recalcitrant to microbial degradation (Dasu et
al., 2013; Liu et al., 2013; Prevedouros et al., 2006; Royer et al., 2015; Schultz et al., 2003;
Vecitis, 2009) and most conventional degradation technologies (Shinoda et al., 1972; Sinclar and
Kannan, 2006).
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Key properties for a subset of PFAAs are summarized in Table 2.1. PFAAs are
dissociated to a greater or lesser degree to their anions in water, soils, sediments, blood, and biota
depending on pH and their pKa values. Although all PFAAs exist primarily anions in the
environments, PFOA and 6:2 FTSA can exist as both anions and neutral molecules with pKa
values in the 0 ~ 3.8 and 2 ~ 3 range, respectively, whereas PFOS and PFHxS exist as anions at
all environmentally relevant pH ranges due to their low pKa values (PFOS: ‒ 3.27 and ‒ 0.5;
PFHxS: 0.14) (Table 2.1). Lack of agreement on the actual pKa values between different research
groups is related to different experimental methods, differences between isomers, and the
concentrations range employed. Their measured or estimated organic-carbon normalized
distribution coefficients (Koc) indicate that PFOS has a higher affinity for adsorption to organic
carbon in soil and sediment than PFHxS and PFOA (Table 2.1) which is attributed to its longer
perfluoroalkyl chain and the larger size of functional group than carboxylate of PFOA (Higgins
and Luthy, 2006). Based on their vapor pressures and Henry’s Law constants, they are nonvolatile compounds in the environment (Table 2.1).
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Table 2.1 Physical/chemical properties of the potassium salt of PFHxS and PFOS, 6:2 FTSA, and PFOA
PFHxS-K
(C6F13SO3–K+)

PFOS-K
(C8F17SO3–K+)

6:2 FTSA
(C8H5F13SO3)

PFOA
(C7F15COOH)

Parameter

Value

Value

Value

Value

Molecular weight (g/mol)

438.20

538.22

428.17

414.07

(PFHxS– =

399)

(PFOS–

= 499)

(6:2

FTSA– =

427)

(PFOA‒ = 413)

Structure

Melting point

No data

≥ 400°Cd

No data

45 ~ 50°Cl

Boiling point

No data

Not measurablee

No data

188 ~ 192°Cl

Vapor pressure (Pa)

No data

3.31 × 10–4 at 20°Cf

10-0.96k

4.2 at 25°Cl

Water solubility

1,400a

570e

1,323k

1.0 x 105o

(mg/L at 20°C)

(PFHxSK)

(PFOSK)

(6:2 FTSA)

(PFOANH3)

Log Kow

5.17

(estimated)k

6.43

(estimated)k

4.44

(estimated)k

5.30 (estimated)k

Log Koc (mL/g)
- sedimenth

No data

2.57 ± 0.13h

No data

2.06h

- biosolid*

2.70 ± 0.38r

3.34 ± 0.27r

No data

2.31 ± 0.35r

- estimated

1.91 ± 0.1s

2.8 ± 0.3s

4.0t

1.8 ± 0.3s

1.0 × 10–4 at 20°Cb

4.32 × 10–7 at 20°Ce

No data

Not measurablel

0.14c

–3.27i, –0.5j

2-3k

~0j, 2.8m, 3.8n

No data

38.00 mM (PFOA)p

Henry’s Law Constant
(KH, atm.m3/mol)
pKa
CMC (critical micelle conc.)

No data

9.16 mM

(PFOS)p

a

Campbell (2009), b Ahrens et al.,2010, c Fujii et al. (2007), d Jacobs and Nixon (1999), e OECD (2002), f van Hoven et al.(1999), h Higgins and
Luthy (2006), i Brooke et al. (2004), j Goss (2008), kWang et al. (2011), l USEPA (2005), m Brace (1962), n Burns et al. (2008), o Sigma-aldrich
(2008), p Kissa (2001), r Sepulvado et al. (2011), s Schedin (2013), t EPISuite (US.EPA)
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2.2 Chemical remediation technologies
Removal of PFAAs has been widely explored using reverse osmosis, nanofiltration, or
activated carbon via sorption process (Merino et al., 2016, etc.). However, such sorption
technologies have some disadvantages such as requiring further steps for complete destruction of
PFAAs also regeneration of sorbents and their effectiveness is highly variable depending on
inorganic ion concentration, organic matter content, and the concentrations of PFAAs and cocontaminants, etc. Therefore, exploring cost-effective and environmental friendly chemical
remediation technologies is necessary to remove PFAAs from contaminated sites.

2.2.1 Persulfate based technologies
The persulfate ion (S2O82‒, PS) is a strong oxidant and can be activated to generate sulfate
radicals, which are stronger oxidants (SO4•–). Also PS is relatively stable during storage and
handling (Tsitonaki et al., 2010); therefore, it has been widely used for in-situ remediation. PS
activation using agents such as heat, ultraviolet light (UV), high pH, hydrogen peroxide,
microwave, and transition metals has been used extensively and explored to degrade PFAAs.
Activated PS treatment of PFOA in water using heat (Yin et al., 2016; Lee et al., 2012;
Liu et al., 2012; Hori et al., 2008; Park et al., 2016), UV (Qian et al., 2015), microwavehydrothermal (Lee et al., 2009) and iron (Lee at al., 2010, Silva-Rackov et al., 2016) has been
found to be effective in generating shorter PFCAs (C2 ~ C7) followed by mineralization to F‒,
and CO2. The decomposition of other PFCAs (C5 ~ C9) using heat activated (Hori et al., 2009)
and microwave-hydrothermal activated PS (Lee et al., 2009) were also demonstrated.
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Temperature, pH, and PS concentration affect oxidation rates of target compounds. Halflives (t1/2) of heat-activated PS oxidation of PFOA decrease with increasing temperature (Lee et
al., 2012; Liu et al., 2012; Park et al., 2016). For pH effects, most studies show that an initial
acidic pH condition is favorable for faster PFOA oxidation (Table 2.2) (Lee et al., 2012; Yin et
al., 2016) due to additional sulfate radicals generated via proton-catalyzation (Liang et al., 2007).
In alkaline pH conditions, OH‒ may act as a scavenger for sulfate radicals generating hydroxyl
radicals (OH•), which have been known to be ineffective for reacting with PFOA in aqueous
solution (Hori et al., 2004), thus, lead to decreasing PFOA oxidation. However, Liu et al. (2012)
observed slower rates with decreasing pH (pH 2.5 to 9.1) (Table 2.2). Yin et al. (2016) showed
that when using H2SO4 to adjust initial pH, the degree of PFOA oxidation was faster than with
HCl indicating the presence of chloride ion can also act as a free sulfate radical scavenger,
reducing the benefit of proton-catalyzed increases in radical generation. Also, a study using UV
activated PS system (2.88 × 10‒7 einstein•L‒1•s‒1, [PS]= 15 mM, λ= 254 nm) showed no PFOA
decomposition ([PFOA]o= 150 µM) in the presence of chloride (2 mM) (Qian et al. 2015). They
showed generated SO4‒• reacted first with Cl‒ at a rate of constant 4.7 × 108 M-1•s-1 which is 3
times larger in magnitude than the fitted rate constant of 2.59 × 105 M-1•s-1 for SO4‒• oxidation of
PFOA. Liu et al. (2012) used 0.5 M HCl for initial pH adjustment whereas in all other papers,
H2SO4 was used, which may be why Liu et al. (2012) observed trends between opposite rates and
pH. Increasing PS concentration increases PFOA oxidation rates at PS concentrations less than
21 mM Na2S2O8, at higher concentrations, self-scavenging of sulfate radicals decreases the
benefits of having more sulfate radicals (Park et al., 2016).
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Table 2.2 Initial pH effect on PFOA degradation using heat-activated PS systems.
pH adjustment
Lee et al. (2012)
40°C
200 mM PS

0.1 M H2SO4/
0.1 M NaOH

Liu et al. (2012)
85°C
10 mM PS

0.5 M HCl/
0.5 M NaOH

Initial pH
2.5
3.6
7.1
11.0
2.5
4.1
5.3
7.1
9.2

kobs (h-1)
0.0515
0.0418
0.0414
0.0374
0.0620
0.0702
0.0765
0.0915
0.0988

R2
0.97
0.94
0.96
0.96
0.99
1.00
1.00
1.00
1.00

Addition of ZVI (3.6 mM) to microwave-hydrothermal activated PS ([PS]=5 mM,
[PFOA]o= 240.7 µM, T= 90°C, 70 W) considerably decreased t1/2 of PFOA oxidation to 0.8 h
compare to 1.4 h without ZVI (Lee et al., 2010). Assuming negligible adsorption of PFOA to
ZVI in 12 h, Lee at al. (2010) suggested that Fe(II) released from ZVI corrosion may act as an
activator to promote the generation of sulfate radicals in the microwave-hydrothermal activated
PS systems. However, we observed PFOA can form complexes with Fe(II/III) with complexed
PFOA not being quantified as PFOA (Park et al., 2017a; dissertation Chapter 4). Since this study
did not provide information regarding any products of PFOA oxidation, further investigation is
needed to assess if ZVI in microwave-hydrothermal PS systems does enhance PFOA oxidation
or if other artifacts such as complexation with Fe leads to underestimating PFOA in the system.
Recently, Silva-Rackov et al. (2016) showed that addition of Fe(II/III)-modified
diatomite (Fe-MD, 1.5 g) to a base-activated PS (pH>12, [PFOA]o= 24 µM, [PS]= 0.3 M)
enhanced the degree of PFOA removal with ~50% removal in 6 h compared to no PFOA
removal when using base-activated PS. This study suggested that the presence of Fe-MD in
based-activated PS systems can generate superoxide radical anions (O2‒•) as follows (Eqs 1&2).
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O2‒• activated by Fe-MD in base-activated PS has been known to reductively decompose
halogenated organic compound such as carbon tetrachloride, trichloroethylene,
perchloroethylene, polychlorinated biphenyls, and PFOA (Ahmad, 2012; Smith, et al., 2004;
Watts and Teel, 2005).
S2O82‒ + 2H2O + OH‒ → HO2‒ + 2SO42‒ + 3H+ + OH‒

Eq. (1)

HO2‒ + S2O82‒ → SO4‒• + SO42‒ + H+ + O2‒•

Eq. (2)

Kutsuna and Hori (2007) proposed that PFOA decomposition by sulfate radicals was
initiated through decarboxylation via one electron transfer from the carboxylate head group to
the sulfate radicals yielding perfluoroalkyl radicals C7F15• which is very unstable (called as
Kolbe decarboxylaion reaction). This perfluoroalkyl radical can react with O2 generating
C7F15O2• (perfluoralkylperoxy radical). This C7F15O2• will react by itself to yield C7F15O•
(perfluoroalkyloxy radical). Then, this C7F15O• can be degraded through two pathways: 1)
unimolecular decomposition to generate C6F13• and COF2; and 2) H abstraction from HSO4‒
producing C7F15OH (perfluoroalkyl alcohol). The C6F13• generated will react with O2 to resume
unzipping reaction and COF2 can be hydrolyzed yielding CO2 and HF. Or C7F15OH will
unimolecularily degrade to C7F14O and HF. This C7F14O will react with H2O to produce HF and
H+ (Kutuna and Hori, 2007) (Eqs. (3~9)).
C7F15COO‒ + SO4•‒ → C7F15COO• + SO42‒

Eq. (3)

C7F15COO• → C7F15• + CO2

Eq. (4)

C7F15• + O2 → C7F15OO•

Eq. (5)

C7F15OO• + C7F15OO• → C7F15O• + C7F15O• + O2

Eq. (6)
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C7F15O• → C6F13+ COF2

Eq. (7A)

C7F15O• + HSO4- → C7F15OH + SO4•‒

Eq. (7B)

C7F15OH → C7F14O + HF

Eq. (8)

C7F14O + H2O → C6F13COO ‒ + HF + H+

Eq. (9)

Heat-activated PS and heat and base-activated PS have also been shown to degrade 6:2
FTSA, which is a precursor to shorter chain PFCAs and F‒ with oxidation of the ethyl linkage
(CH2-CH2) and the CF2-CH2 bonds simultaneously (Park et al., 2016; Houtz and Sedlak, 2012).
For PFOS decomposition, Park et al. (2016) reported no PFOS decomposition ([PFOS]o=
0.92 µM) using heat-activated PS even at higher temperature (90°C) and higher PS
concentrations ([Na2S2O8] =84 mM). However, Yang et al. (2013) observed 22.5% PFOS
oxidation by hydrothermal (an unspecified high temperature and pressure) activated PS
([PFOS]o= 186 µM, [K2S2O8]= 18.5 mM) in 12 h producing shorter chains of PFCAs and minute
amount of F‒ as products of PFOS oxidation. The observed amounts of shorter chain PFCAs in
Yang et al. (2013) account for only 13.6% of carbon mass balance with the moles of PFOS
removed. Thus, it is expected that there are unidentified major intermediates of PFOS oxidation
using hydrothermal activated PS. It is unclear on the mechanistic role of pressure combined with
high temperature, but these conditions are not suitable for in-situ remediation of groundwater.

2.2.2 Electrode-based technologies
Electrochemical oxidation technologies have long been used to oxidize organic
compounds due to diverse advantages such as cost efficiency, easy preparation, long service life,
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good conductivity, and high oxygen evolution potential (OEP) (Keech and Bruce, 2003; Kong et
al., 2007; Panizza, 2010). Electrochemical oxidation of contaminants occurred via two
mechanisms: (1) direct electrons transfer or (2) reacting with hydroxyl radicals generated from
water electrolysis. Recently, PFOA degradation using Ti/SnO2-Sb-Bi anode (Zhou et al., 2011),
Ce-doped modified porous nanocrystaline PbO2 film electrode (Niu et al., 2012), F-doped
Ti/SnO2 anode (Yang et al., 2015), Yb-doped Ti/SnO2-Sb/PbO2 anode (Ma et al., 2015), and
Ti/RuO2 (Schaefer et al., 2015) have been explored.
Reaction conditions such as current density, initial pH, electrode distance, and PFAAs
chain length can affect the effectiveness of PFAAs removal. Increasing applied current density
(from 1 to 40 mA/cm2) gradually increased the degradation rates of PFOA using Ti/SnO2-Sb/YbPbO2 showing range from 114 to 23 d as half-lives of PFOA degradation (Ma et al., 2015).
However, for PFOS, degradation rate using a Ti/RuO2 electrode increased with increasing
current density from 0 to 2.5 mA/cm2, after which no additional increase was observed which
was similarly observed with a boron-doped diamond (BDD) electrode (Carter and Farrell, 2009).
This suggested that the reactive sites on electrode were not saturated with respect to PFOA, but
did become saturated with PFOS inhibiting further adsorption of PFOS to the electrode surface
(Schaefer et al., 2015). For the effect of initial pH on PFOA oxidation, increasing pH showed
decreasing rates of decomposition. The OH‒ present at higher initial pH hampers contact of
PFOA to the surface of electrode due to competition leading to a decrease in direct electron
transfer (Ma et al., 2015; Schaefer et al., 2015). As the gap distance between electrodes
increased, the rate of PFOA oxidation decreased. Longer electrode distance requires more
electrolysis time due to the longer diffusion distance (Ma et al., 2015).
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The chain length appears to have a significant effect on the degradation rates of both
PFCAs (C4 ~ C8) and PFSAs (C4, C6, and C8) with PFAA decomposition rates decreasing with
increasing chain length (Carter and Farrell, 2009; Niu et al., 2012; Trautmann et al., 2015; Zhou
et al., 2012). Since PFAA decomposition using electrodes occurred on the electrode surface via
direct electrons transfer, increasing hydrophobicity by increasing chain length may enhance the
adsorption to the electrode surface. Thus, when electrode-based technologies are applied to cocontaminated sites with short and long chain PFAAs, the effectiveness of electrode for shorter
chain of PFAAs decomposition might be limited.
The pathway of PFOA oxidation proposed using electrode-based technologies follows a
similar mechanism as those proposed in PS-based technologies (Niu et al., 2012; Ma et al., 2015;
Yang et al., 2015; Zhuo et al., 2011). As products of PFSAs (C4, C6, and C8) decomposition
using a BDD electrode, Carter and Farrell (2009) showed the generation of CO2, SO42‒, F‒, and
trace amount of trifluoroacetic acid (C2 < 3%) whereas, Trautmann et al. (2015) detected shorter
chain PFCAs (C4 ~ C8). However, both mechanism of PFOS oxidation have been not clearly
explored yet.
Although electrochemical oxidation has been shown to decompose a range of PFCAs and
PFSAs, it is limited for in-situ use due to production of toxic by-products such as chlorine gas,
hydrogen fluoride gas, bromate, and perchlorate. Therefore, future research needs to be
conducted to effectively minimize or remove by-products simultaneously and to evaluate optimal
conditions in matrices representative of real contaminated sites for in-situ use.
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2.2.3 Direct photolysis or photocatalyst-based technologies
Photolysis and photocatalytic processes have received attention of researchers as a
potential environmentally friendly approach to the degradation of recalcitrant pollutants, because
they can be used under ambient temperature and pressure conditions and have high stability, low
costs, and potential to operate using solar light as the energy source (Zhang and Li, 2014).
Photolysis and photocatalysis of PFAAs can occur through direct electron transfer or reacting
with reactive radicals generated such as OH•, O2•‒, H•, hydrated electrons (eaq‒), and secondary
radicals of organic substrates (Gobert et al., 2001; Merino et al., 2016).
Direct photolysis of PFOA and PFOS using vacuum ultraviolet (VUV) or ultraviolet
(UV) was studied over a range of wavelengths, dissolved oxygen (DO) using different gases (N2,
air and O2), initial concentrations and pH. In the assessment of wavelength effect, 185 nm
showed enhanced PFOA degradation and defluorination compared to 254 nm e.g., ~62% PFOA
degradation with 17% defluorination in 2 h with VUV 185 nm versus very minimal PFOA
degradation and defluorination with 254 nm (Chen et al., 2007; Giri et al., 2011). Based on the
photon energy produced by each wavelength (185 nm: 646.7 kJ/mol; 254 nm: 471.1 kJ/mol), it is
suggested that the C-C bonds (C-C bond energy = 347.0 kJ/mol) in PFOA can be attacked by
both 185 nm and 254 nm irradiation whereas the C-F bonds (C-F bond energy = 552.0 kJ/mol)
can be cleaved by only irradiation at 185 nm leading to higher removal and defluorination of
PFOA using 185 nm (Chen et al., 2007; Giri et al., 2011). For the effect of DO (0 ~ 36.4 mg/L),
PFOA removal and defluorination decrease with increasing DO levels. Similar to PFOA, DO
negatively effected PFOS removal and defluorination when using 10% VUV and 90% UV since
reactive radicals produced are quickly scavenged by DO (Jin et al., 2015). In the range of PFOA
concentration of 0.121 ~ 2.42 µM, no significant impact on PFOA removal was observed. For
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initial pH effect, no clear trend in PFOA removal was observed; however, regardless of initial
pH values, final pH was acidic (~pH 3) (Giri et al., 2012).
Photolysis is affected by addition of H2O2 and NaHCO3, or NaIO4 to aqueous solution
(0.075% H2O2 and [NaHCO3]= 40 mM, [NaIO4]= 0.5 mM) which all enhanced PFOA
decomposition (Cao et al., 2010; Thi et al., 2013). When both H2O2 and NaHCO3 were present,
carbonate radials (CO3•‒), which is a strong oxidant (Eo =1.59 V for CO3•‒ + e‒ → CO32‒, Joshi
and Mukherjee, 2006), HCO32‒ and •OH were produced by reacting with OH• which was
produced from H2O2 under UV irradiation. Also, aqueous periodate (NaIO4) produces reactive
species such as IO4‒, IO3•, •OH, and O•‒ (Cao et al., 2010), which react with PFOA.
Many studies have been explored using addition of photocatalysts such as TiO2 to
enhance PFAA decomposition by photolysis (Dillert et al. 2007; Huang et al., 2016; Wang and
Zhang, 2011), β-Ga2O3 (Shao et al., 2013; Zhang and Li, 2014), In2O3 (Li et al., 2012; Zhang and
Li, 2014) and CeO2/In2O3 (Jiang et al., 2016), and ZnO/O3 (Wu et al., 2017). In the presence of
photocatalysts, solution pH and the pHpzc of catalysts should be considered as well as light
wavelength and intensities, and the concentration of catalysts and target compounds since
PFAAs adsorption onto the surface of catalysts might be affected by pHpzc of catalysts and pH of
solution. The commonly used catalysts, TiO2 has been effective at degrading PFOA but at slow
rates due to rapid recombination of photo-generated electrons and photo-generated holes (h+)
(Dillert et al., 2007; Gaya and Abdullah, 2008; Hoffmann et al., 1995; Huang et al., 2016; Kabra
et al., 2004; Panchangam et al., 2009). However, addition of oxalic acid (3 mM), HClO4 (1 M) or
O3 (25 mg/h) to UV/TiO2 in a N2 atmosphere significantly accelerated PFOA decomposition
because they served hole-scavengers to suppress the recombination of photo-generated electrons
and holes (Huang et al., 2016; Wang and Zhang, 2011). In addition, TiO2 doped with iron (Fe)
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and nobium (Nb) or the pressure of multiwalled carbon nanotubes (MWCNTs), Cu2+, or Fe3+
improved TiO2 effectiveness on PFOA decomposition because they helped to increase the
lifetime of photon-generated electrons and enhanced contact of PFOA to the catalyst surface
(Estrellan et al., 2009, 2010; Chen et al., 2015; Gatto et al., 2015; Panchangam et al., 2009;
Sansotera et al., 2014; Song et al., 2012).
Other photocatalysts explored for PFOA decomposition such as indium oxide (In2O3) and
combining CeO2 with In2O3, and β-Ga2O3 have been known to possess much higher
photocatalytic activity than TiO2. Addition of In2O3, CeO2/In2O3 or β-Ga2O3 showed faster
PFOA decomposition than TiO2 catalyst, e.g., 80% of PFOA was decomposed in 4 h with βGa2O3 which is 8.4 times higher than with TiO2 which was attributed to enhanced adsorption of
PFOA to the catalyst surface (Hoffmann et al., 1995; Jiang et al., 2013; Li et al., 2012; Shao et
al., 2013; Zhao et al., 2012).
UV photolysis with KI, SO3‒ or S2O4‒ systems have also been explored to degrade
PFAAs. PFOA, PFOS and PFHxS were successfully decomposed by reacting with hydrated
electron (eaq‒) or other reactive species such H• or SO3•‒ (Gu et al., 2016; Park et al., 2009, 2011;
Song et al., 2013; Vellanki et al., 2013) produced in UV/KI, UV/SO3‒ or S2O4‒ systems. For
example, in the UV/SO3‒ system, 98% PFOS and 50% PFOA decomposition occurred in 30 min
with 50% defluorination in 30 min and 89% defluoriation in 24h, respectively (Gu et al., 2016;
Song et al., 2013). In the UV/SO3‒ system, as products of PFOA reductive degradation, not only
short chain PFCAs but also polyfluorinated carboxylic acids (C2 ~ C8) and perfluoroalkyl
sulfonates from C3 to C7 were identified which might be formed from the reaction of CnF2n+1•
radicals with SO3•‒ generated from the UV irradiation of SO3‒ solution (Song et al., 2013). As
PFOS reductive degradation products in UV/SO3‒ system, not only F‒ but also C4 to C8 of
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PFCAs were detected via defluorination and desulfonation, respectively. However, these
products can count for only 10% of carbon mass balance of initial PFOS (Gu et al., 2016), thus
indicating other unidentified intermediates might be present.
Although photo-based technologies seem promising methods to degrade PFAAs and
could be used in a pump and treat scenario, they are not suitable for in-situ remediation of
groundwater.

2.2.4 Fe0 based technologies
Zero valent iron (ZVI or Fe0) has been extensively studied and accepted as an attractive
approach for remediation of persistent organic compounds given it is inexpensive, readily
available, and has minimal environmental risk (Cho et al., 2006; He et al., 2010; Keum et al.,
2005; Lutze et al., 2012; NRC, 2012). Reducing particle size to the nanoscale increases specific
surface area to 30 – 40 m2/g, which is about 40 times greater than conventional microscale
particles, thus expected to enhance reactivity (Jia et al., 2011). Moreover, addition of a second
metal onto the Fe0 surface like Ni, Cu, Pt or Pd can enhance the reactivity for remediation of
persistence organic compounds. Palladization of Fe0 is expected to stimulate transformation of
PFAAs since addition of Pd may increase surface area and reactive sites to convert H+ or/and H2
to active hydrogen atoms (H• hydrogen radical, (Eo = ‒ 2.3 V for H• → H + e‒)) (Buxton et al.,
1988; Elliott and Zhang, 2001; Tong et al., 2005). Pd can also enhance iron corrosion, which
directly influences the production of H2 due to the difference in standard electrode potential (Jia
et al., 2011). In addition, Pd is expected to reduce activation energy for defluorination of PFAAs
since unfilled orbital of Pd will allow for the formation of PFAA complexes by filling void
orbitals with electrons originating from the compounds (Wang et al., 2008; Zhang et al., 1998).
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PFOS transformation using nanosized Pd0/nFe0 will be discussed in Chapter 4 of this Ph.D
dissertation. Arvaniti et al (2014) showed 98% of PFOS and 38% of PFOA removal in 1 h at
room temperature using nZVI coated with Mg-aminoclay which was used as a stabilizing agent
for nZVI to prevent its aggregation. However, they detected only ~ 3% of F- as a product of
PFOS degradation and they did not verify the role of sorption onto Mg-aminoclay in their work.
Therefore, due to the lack of supporting data in the Arvaniti et al (2014) work, the 98% of PFOS
degradation in 1 h is hard to accept.
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3. HEAT-ACTIVATED PERSULFATE OXIDATION OF
PERFLUROOCTANOIC ACID, 6:2 FLUOROTELOMER SULFONATE,
AND PERFLUOROOCTANE SULFONIC ACID UNDER CONDITIONS
SUITABLE FOR IN-SITU GROUNDWATER REMEDIATION

Reproduced from
Park, S.; Lee, S. L.; Medina, V. F.; Zull, A.; Waisner, S. 2016, Heat-activated persulfate
oxidation of PFOA, 6:2 fluorotelomer sulfonate, and PFOS under conditions suitable for in-situ
groundwater remediation. Chemosphere. 145: 376-383.
with permission from Elsevier Ltd., Copyright 2016

3.1 Abstract
Perfluorooctanoic acid (PFOA) oxidation (0.121 – 6.04 M) by heat-activated persulfate
was evaluated at 20 - 60°C with 4.2 – 84 mM S2O82- and in the presence of soluble fuel
components to assess feasibility for in-situ remediation of groundwater. 6:2 fluorotelomer
sulfonic acid/sulfonate (6:2 FTSA) and perfluorooctanesulfonic acid (PFOS) oxidation with
persulfate was also evaluated in a subset of conditions given their co-occurrence at many sites.
Parent compounds and products were analyzed by a high performance liquid chromatography
electron spray tandem mass spectrometry. For higher PFOA concentrations, fluoride (F-) was
quantified using a F--specific electrode. PFOA pseudo-1st order transformation rates (k1,PFOA)
increased with increasing temperature (half-lives from 0.1 to 7 d for 60 to 30ºC) sequentially
removing CF2 group ‘unzipping’ to shorter chain perfluoroalkyl carboxylic acids (PFCAs) and
F-. At 50°C, a 5-fold S2O82- increase led to a 5-fold k1,PFOA increase after which self-scavenging
by sulfate radicals decreased the relate rate increases with more S2O82-. The presence of benzene,
toluene, ethylbenzene and xylene did not affect k1,PFOA even at 40 times higher molar
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concentrations than PFOA. For heat-activated persulfate oxidation of PFOA in an aqueous soil
slurry, k1,PFOA to shorter PFCAs was slowed compared to no soil systems supporting the need for
repeated persulfate injections in a field scenario. At 50°C, 6:2 FTSA was oxidized even more
quickly than PFOA and with a similar unzipping pattern. However, PFOS remained unaltered
even at higher activation temperatures (85 and 90°C), thus limiting the in-situ application of
heat-activated persulfate in the field.

3.2 Introduction
Poly/perfluoroalkyl alkyl substances (PFASs) have been used since the mid-1970s as the
major components in aqueous film-forming foams (AFFFs) used to effectively fight
hydrocarbon-based fires (Place and Field, 2012). Use of AFFFs in extinguishing fires,
particularly associated with aircraft, as well as in various industrial applications has led to
multiple releases of PFASs into the environment. Most military facilities that routinely service
aircraft also maintain fire-fighting training areas, which include over 540 sites in the USA alone,
where training with AFFFs for more than 3 decades has resulted in repeated short-term releases
of AFFFs. AFFFs are comprised of either PFOS-based or fluorotelomer-based surfactants. These
PFASs serve as precursors of two classes of perfluoroalkyl acids (PFAAs): perfluoroalkyl
carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids (PFASs) (Place and Field, 2012;
D’Agostino and Mabury, 2013), which are terminal products of microbial degradation (Liu and
Avenano, 2013; Royer et al, 2015; Dasu et al., 2013).
Of the known PFAAs, PFOA and PFOS have received the greatest attention with respect
to the environment and public health communities due to their frequency of detection and
concentration levels in soil, water, humans, and wildlife (Ahren, 2011; Houde et al., 2011), their
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bioaccumulative, persistent and potentially carcinogenic nature, and their impact on immune and
thyroid systems (Conder et al., 2008; Lau et al., 2007; CDC, 2009, 2015) PFOA and PFOS have
been detected in AFFFs-impacted groundwater at military sites in the low ppb to the low ppm
level, e.g., PFOA: 6,570 µg/L and PFOS: 2,300 µg/L (Moody et al., 1999; Moody et al., 2003;
Schultz et al., 2004). These values are orders of magnitude above the USEPA announced
Provisional Health Advisory values for PFOA (0.4 µg/L) and PFOS (0.2 µg/L) for protecting
drinking water (USEPA, 2009). Other PFCAs have been detected in groundwater as well, several
that are now listed in the USEPA Unregulated Contaminant Monitoring Regulation (UCMR 3)
including 6:2 fluorotelomer sulfonic acid/sulfonate (6:2 FTSA), a precursor to PFCAs that has
been observed at concentrations as high as ~14,600 µg/L (Schultz et al., 2004). Also HardingMarjanovic et al. (2015) recently demonstrated that one significant source of 4:2, 6:2, and 8:2
FTSA is degradation of 4:2, 6:2, and 8:2 ﬂuorotelomer thioether amido sulfonates, respectively,
in AFFFs.
The co-occurrence of PFOA and PFOS in groundwater is growing, particularly at
military sites, and are now being found in plumes of substantial size (Woodward et al., 2015);
therefore, the need for identifying potential in-situ remediation technologies is growing. Given
the persistence of PFAAs and the well-established fact that they are the end products of
microbial degradation, natural attenuation or enhanced microbial degradation are currently not
plausible approaches for site cleanup. Currently, several advanced oxidation processes (AOPs)
have been shown to successfully break down PFOA, such as sonolysis (Cheng et al., 2010),
electrochemical treatment (Schaefer et al., 2015), photocatalysis (Dillert et al., 2007) and UV
photolysis (Giri et al., 2011). Some technologies have also been shown to transform PFOS
including UV photolysis (Park et al., 2009), boron-doped electrode (Carter and Ferrell, 2008),
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zero valent iron in subcritical water (Hori et al., 2006), and electrochemical treatment (Schaefer
et al., 2015). Recently, destruction of the potassium salt of 6:2 FTSA was evaluated under
various AOPs including UV irradiation, UV with hydrogen peroxide, alkaline ozonation,
peroxone, and Fenton’s reagent (Fe2+/H2O2) of which UV/H2O2 was found most effective (Yang
et al., 2014). However, these AOTs require substantial energy or extreme conditions, thus
impractical for in-situ soil and groundwater remediation.
An oxidation technology that has in-situ remediation feasibility is persulfate (S2O82-),
which is a strong oxidant and can produce free sulfate radicals, which are even stronger oxidants
(SO4−) and is relatively stable during storage and handling (Tsitonaki et al., 2011). Persulfate
can be activated to form free sulfate radicals by heat, UV-light, strong base, and transition metals
such as iron (e.g., Fe2+) (Anipsitakis and Dionysiou, 2004; Haim and Wilmarth, 1962). UV-light
activated persulfate (Hori et al., 2005) and heat-activated (80ºC) persulfate oxidation transformed
PFOA in water (Hori et al., 2008) and other PFCAs (Hori et al., 2010) to fluoride (F-) and CO2.
Similar results were obtained with PFOA in Fe-activated microwave-hydrothermal systems (Lee
et al., 2010). In all these studies, PFOA concentrations in these studies were generally quite high
(1-2 × 105 µg/L), thus representative at best of source zones. However, Liu et al. (2012) reported
similar success with heat (85 ºC) -activated persulfate oxidation at orders of magnitude lower
PFOA concentrations (200 µg/L) more representative of the majority of PFOA plumes. In
addition, studies showed that heat-activated degradation of PFOA increased with increasing
temperature (Lee et al., 2012) and decreasing pH (Lee et al., 2012; Liu et al, 2012). Persulfate
oxidation of PFOS also at high concentrations (100,000 µg/L) was evaluated by Yang et al.
(2013) using various types of activation methods (hydrothermal - high temperature and pressure,
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UV-light, ultrasound, and Fe2+) in which at best they report ~20 mol% F- generated, < 10 mol%
PFCAs generated, and ~20 mol% PFOS lost.
The objective of this study was to further evaluate the optimal operating conditions for
PFOA oxidation at varying PFOA and persulfate concentrations, and temperature, evaluate the
potential for PFOS oxidation, and assess persulfate oxidation of 6:2 FTSA by heat-activated
persulfate. In addition, a limited evaluation of the impact of the more soluble hydrocarbon fuel
components (benzene, toluene, ethylbenzene, and xylenes, aka BTEX) and the presence of soil
on PFOA persulfate oxidation was done as well as comparing heat-activated persulfate oxidation
of 6:2 FTSA between unbuffered and high pH (pH ≥ 12).

3.3 Materials and Methods
3.3.1 Chemicals
Sodium persulfate (Na2S2O8 , 98%), trifluoroacetic acid (TFA, CF3COOH, 99%),
perfluoropropionic acid (PFPrA, C2F5COOH, 97%), perfluorobutanoic acid (PFBuA,
C3F7COOH, 98%), perfluoropentanoic acid (PFPeA, C4F9COOH, 98%), perfluorohexanoic acid
(PFHxA, C5F11COOH, 98%), perfluoroheptanoic acid (PFHpA, C6F13COOH, 98%) and PFOA
(C7F15COOH, 98%), heptadecafluorooctanesulfonic acid potassium salt (PFOSK, C7F17SO3K, ≥
98%), were purchased from Sigma-Aldrich (St. Louis, MO, USA). 6:2 FTSA (C8H5F13O3) was
obtained from SynQuest Laboratories (Alachua, FL, USA). For internal standards (IS), a
mixture of mass-labelled perfluoroalkylcarboxylic acids and mass-labeled perfluoroalkyl
sulfonates (MPFAC-MXA) which included C4, C6, C8, C9, C10, C11, C12 and [1, 2-13C]- 6:2 FTSA
was obtained from Wellington Laboratories (Ontario, Canada). Benzene, toluene, ethylbenzene
and xylenes (mixture of m, o, and p) (≥ 99%) and all other solvents (HPLC grade or higher) were
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purchased from Sigma-Aldrich (St. Louis, MO. USA). De-ionized water (~ 18MΩcm) was from
a Barnstead E-pure system.

3.3.2 Batch oxidation experiments
All the experiments were conducted in 40-mL amber borosilicate VOC (volatile organic
compound) vials for PFOA and 8:2 FTSA and in 14-mL pyrex centrifuge tubes for PFOS with
all vessels closed with Teflon-lined screw-type caps. The adsorption of PFAAs onto glass was
examined and found to be negligible. PFOA (24 µM), PFOS (11 µM), and 6:2 FTSA (20 µM)
aqueous stock solutions and 100 mM Na2S2O8 were made with 18 MΩcm water and stored at
4°C before use. Na2S2O8 stock solution was added first to the vials, followed by 18 MΩcm
water preheated to the target temperature, and lastly PFOA, PFOS or 6:2 FTSA stock solutions
were added. Final concentrations were 50, 100, 500, or 2500 µg/L (0.121 - 6.04 µM) for PFOA,
100 µg/L (0.234 µM) for 6:2 FTSA, and 500 µg/L (0.92 µM) for PFOS. No-oxidant controls
were prepared similarly except the persulfate solution was replaced with 18 MΩ water or
distilled water in the case of PFOS. The total solution volume in each vial was either 40-mL (40mL vial) or 8 mL (14-mL tube). The reactors were mixed vigorously by hand and then placed on
a rotator in a temperature-controlled oven (20, 30, 40, 50, 60, 85, or 90°C). At each sampling
time, samples to be analyzed were placed in an ice bath and then stored at 4°C until analysis
except PFOS samples. PFOS samples were first mixed 1:1 with methanol (MeOH) and left at
room temperature overnight to ensure that all reactive sulfate species were gone and then stored
at 4°C.
The starting concentrations of PFOA were targeted to be 50, 100, 500, or 2,500 g/L
(0.121 − 6.025 M). Initial Na2S2O8 concentrations were tested with 1,000, 2,000, 5,000, 10,000,
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and 20,000 mg/L (4.2 – 84 mM of NaS2O8). Initial pH and final pH values were measured right
after adding persulfate and before taking aliquots for analyses, respectively. Control samples
were prepared in the same way and in the same conditions except no Na2S2O8 stock solution was
added. To explore the presence of dissolved gasoline components on persulfate oxidation of
PFOA, oxidation of PFOA (100 µg/L, 0.2415 µM) was evaluated in the presence of 100 µg/L
each benzene, toluene, ethylbenzene or xylenes (BTEXs) and 1,000 µg/L (9.43 µM)
ethylbenzene. BTEXs are the mono-aromatics present in fuel and commonly found in
groundwater. Given the popularity of base-activated persulfate for in-situ remediation (Furman et
al., 2010), we also conducted one experiment at 22ºC with 42 mM NaS2O8 and 40 mM NaOH.
For 6:2 FTSA, we conducted some additional experiments at a higher temperature (85ºC) in high
pH (pH ≥ 12) 60 mM NaS2O8 systems to compare with results from the Houtz and Sedlak (2010)
PFAS precursor oxidation assay.

3.3.3 Soil slurry
A soil collected just below the surface from an area at a Columbus Air Force Base site
was used for an initial assessment of relative changes in persulfate efficacy. The soil was airdried, processed through a 2 mm sieve, and stored at 4°C. Soil properties were determined by
A&L Great Lakes Laboratories (Fort Wayne, IN). The soil had a 0.2% total organic matter and a
1:1 water:soil pH of 5.8. Soil (4 ± 0.1 g, dry wt. basis) was added to 120 mL crimped bottles and
the procedure followed as described in section 3.3.2 (detailed in the Appendix A). After chilling
in an ice bath, samples were centrifuged at 1,500 rpm for 1 hour and the supernatant collected.
Soils were then extracted with acetonitrile (8 mL) at room temperature (~22°C) for 16 h,
centrifuged, and supernatant collected prior to a second extraction with 9/1 v/v acetonitrile
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(ACN)/250 mmol NaOH ) to enhance the recovery of any remaining shorter acid products. On a
separate set of samples, additional persulfate stock solution was added 7 days after the first
addition to assess additional heat-activated persulfate oxidation. Final data were calculated
considering volume changes upon re-injection.

3.3.4 Instrumental analysis
3.3.4.1 PFAAs analysis
All short chain PFCAs, PFOA, PFOS and 6:2 FTSA were quantified using a high
performance reverse-phase liquid chromatography negative electrospray ionization tandem mass
spectrometry system (HPLC/ESI/MS/MS) (detailed in the Appendix A). Samples were diluted
1:1 with MeOH to reduce adsorption to HPLC vial and minimize matrix effects. Immediately
prior to HPLC/MS/MS, 25 µL of a mixed mass-labeled PFCA internal standard (IS) solution
(MPFAC-MXA) was added to each HPLC vial. External standard curves with IS correction were
used for quantification. Chromatographic separation was achieved through an Agilent Zorbax
Rx-C8 (2.1 × 150 mm, 5 µm, Aligent Technologies, Santa Clara, CA, USA) using a 5 µL
injection volume, 0.15% acetic acid in water (solvent A) and ACN (solvent B) as the gradient
mobile phase for PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFOS and 6:2 FTSA at a flow rate of
0.400 mL min-1 (detailed in the Appendix A). Much shorter chain PFCAs such as TFA and
PFPrA were separated through RSpak JJ-50 2D (2.0 x 150 mm length, 5 µm, Shodex, Showa
Denko K.K., Kawasaki, Japan) with a 2 mM ammonium acetate aqueous solution (solvent A)
and MeOH (solvent B) at a flow rate of 0.300 mL min-1 (detailed in the Appendix A). Both
column temperatures were kept at 40°C. Quality control standards were inserted every 10
samples to monitor instrument response fluctuations and validity of standard curves. Multiple
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solvent blanks were applied every 10 samples to monitor instrument background and possible
carry over.

3.3.4.2 Inorganic compounds analysis
A subset of samples was analyzed for fluoride (F−) and persulfate ions using ionchromatography (IC) (Dionex Inc., Sunnyvale, CA, USA). Fluoride analysis was run using an
AS14A (4 mm x 250 mm) analytical column and Ionpac AG14A 4-mm guard column (4 x 50
mm) with a degassed 8.0 mM sodium carbonate and 1.0 mM sodium bicarbonate mobile phase at
the flow rate of 1mL min-1, which resulted in a retention time for F- of 3.12 min. However, we
were not able to accurately quantify F-concentrations in our system with the sulfate/persulfate
background levels. Additional analyses was attempted with a F--specific electrode after a 1:1
dilution with an ionic strength adjustment buffer (detailed in the Appendix A), but F−
concentrations remained below our limits of quantification (20 µg/L) except for the higher initial
PFOA concentrations of 500 µg/L and 2500 µg/L. Persulfate was quantified in controls for a
subset of experiments at different temperatures using a colorimetric method described by Huang
et al., 2002. Briefly, remaining persulfate is reacted with ferrous ammonium sulfate (FAS)
followed by reacting unreacted FAS with NH4SCN, which produces a color monitored at  =
450 nm as described by Huang et al. (2002). In a subset of experiments, pH was also measured
at each sampling time.
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3.4 Results
3.4.1 Temperature effect on PFOA oxidation
PFOA (100 µg/L, 0.24 µM) degradation with 42 mM Na2S2O8 increased with increasing
temperature (20°C to 60°C) as evidenced by PFOA loss and generation of products (Fig. 3.1a)
with observed half-lives ranging from 2.3 h at 60°C, 171 h at 30°C to not observed at 20°C
during the monitoring period. Several factors impact the rate order of heat-activated persulfate,
but persulfate reactions are usually within a reaction order of 0 to 1 (Berlin, 1986). Overall, a
first-order rate model described PFOA degradation reasonably well (R2 correlation values of
0.939 to 0.998). The reaction 1st-order (k, h-1) range from 0.06-19 × 10-2 (Table 3.1) are in the
range observed by Lee et al. (2012) and Liu et al. (2012) for heat-activated persulfate oxidation
reported for 241.5 µM PFOA at 20-40 ºC with 200 mM S2O82- and for 0.5 µM PFOA at 25-85ºC
with 10 mM S2O82- adjusted to an initial pH of 7.1. An activation energy (Ea) of 107 8 kJ/mol
(R2 = 0.982) for heat-activated persulfate degradation of 0.24 uM PFOA with 84 mM S2O82 was
estimated from the subsequent Arrhenius plot (ln k1 vs T-1 in K, Fig. 3.1b), which is in good
agreement with the data from Lee et al. (2012) of 122 – 138 kJ/mol (initial solution pH 2.5-11).
Liu et al. (2012) estimated a factor of two lower Ea of 60 kJ/mol (initial pH of 7.1), which may
be due to a much lower [S2O82-] of 10 mM.
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Figure 3.1 (a) Oxidative degradation of PFOA (100 µg/L) by Na2S2O8 (10,000 mg/L) at
different temperature conditions (20 – 60°C) with no pH adjustments; (b) Arrhenius plots of the
pseudo-first order degradation constants from this study with for 0.241 µM PFOA and 42 mM
S2O8-2 Lee et al. (2012) with 241 µM PFOA and 200 mM S2O8-2, and Lee et al. (2012) for 0.5
µM PFOA and 10 mM S2O8-2 yielding activation energies (Ea) of 107 kJ/mol, 122-138 kJ/mol,
and 60 kJ/mol, respectively.
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3.4.2 Effects of persulfate, PFOA and co-contaminant concentrations on PFOA oxidation
Increasing Na2S2O8 concentrations 5-fold from 4.2 mM to 21 mM at a fixed temperature
(50°C) increased PFOA degradation rates (k1, h-1) by approximately 5-fold (Table 3.1, Fig. 3.2a).
Further increases in [Na2S2O8] increased rates, but to a much lesser extent (Fig. 3.2b). The latter
is likely due to radical scavenging reactions caused by produced excessive SO4− given the
comparatively fast reaction rates between SO4− and S2O82- and between SO4− and SO4− versus
SO4− and PFOA. The effect of increasing PFOA concentrations from 50 to 2,500 µg/L (0.12 –
6.04 µM) on PFOA degradation rates was small to negligible with 42 mM Na2S2O8 at 50 °C as
well as the addition of individual BTEX components at 100 µg/L (Fig. A1 in Appendix A) or
ethylbenzene alone at almost 40 times the molar level of PFOA (0.24 µM PFOA versus 9.43 µM
ethylbenzene) (Fig. 3.3).
Persulfate conversion to sulfate radicals increases with increasing temperature and is well
described by Arrhenius plots of the pseudo first-order rates a (Fig. 3.1b). The resulting Ea for
persulfate activation is 60.5 ± 2.6 kJ/mol (R2 = 0.98). Initial pH values decreased with increasing
initial Na2S2O8 concentrations. At 50ºC for a 72-h reaction period, initial pH ranged from 4.24 to
3.4 with initial 4.2 mM to 84 mM Na2S2O8. pH values then decrease 1.58  0.1 pH units over the
course of the reaction (Fig. A2 in Appendix A).
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Table 3.1 Pseudo-first-order rate constants (k1) of PFOA degradation by different initial
concentrations of persulfate and PFOA and different temperature conditions. Values in
parentheses are standard errors.
PFOA
M
0.242
0.242
0.242
0.242
0.242
0.242
0.242
0.242

Na2S2O8
mM
42.0
42.0
42.0
42.0
42.0
42.0
42.0
42.0

T (C )
60
50
40-1b
40-2
40-3
40 Ave
30
20

0.242
0.242
0.242
0.242
0.242

84.0
42.0
21.0
8.4
4.2

0.121
1.208
6.039
0.242
0.242
0.242
0.242
0.242
0.242
0.242
0.242

42.0
42.0
42.0
42.0
42.0
42.0
42.0
42.0
42.0
42.0
42.0

k1 (x10-2 h-1)
-19.9a
-5.57
-2.20
-2.11
-2.02
-2.10
-0.409
-0.0658

SE (x10-2 h-1)
2.15
0.461
0.155
0.137
0.102
0.116
0.0394
0.0261

R2
0.966
0.967
0.981
0.983
0.990
0.988
0.964
0.614

50
50
50
50
50

-12.3a
-5.57
-4.90
-2.31
-1.42

0.850
0.461
0.388
0.147
0.144

0.986
0.967
0.970
0.980
0.951

50
50
50
50
50
50
50
50
50
50
50

-5.66
-7.33
-8.77
-7.93
-8.18
-9.00
-8.32
-5.96
-6.25
-6.94
-5.38

0.643
0.845
0.688
0.218
0.259
0.333
0.260
0.515
0.576
0.599
0.290

0.939
0.938
0.970
0.997
0.996
0.995
0.996
0.978
0.975
0.978
0.991

Other

E-1b,c
E-2
E- 3
E-Ave.
Bd
Td
Ed
Xd

Last time point not included in first-order fits; bThree replicated experiment; c9.434 M
ethylbenzene; dIndividual BTEXs (100 µg/L) was added.
a
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Figure 3.2 (a) The pseudo-first order kinetics plot of PFOA (100 µg/L) with different initial
concentrations of Na2S2O8 (1,000 - 20,000 mg/L) at 50°C and under unbuffered pH; (b) Effect of
initial concentrations of Na2S2O8 (1,000 - 10,000 mg/L) on degradation of PFOA at 50°C and
under unbuffered pH.
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Figure 3.3 Effect of initial concentrations of PFOA (50 – 2,500 µg/L) and of co-contaminant
(Ethylbenzene = 1,000 µg/L)

3.4.3 Product Profiles for PFOA
Shorter chain PFCAs were produced with heat-activated persulfate oxidation of PFOA
(Fig. 3.4a and Fig. A3 a-d) following an observed unzipping transformation pathway (Eq. 1),
which was expedited with increasing temperature
PFOA → PFHpA → PFHxA → PFPeA → PFBuA → TFA →…..

Eq. (1)

At 40, 50 and 60°C, most of the shorter chain PFCA profiles exhibited increases followed by
decreases in concentration to near zero in some cases over the timeframe investigated. At the
lower temperatures (20 and 30°C), the 225-h time study was not sufficient to see the PFCAs
peak and fall in concentration given the slower reaction rates and the smallest perfluoroalkyl acid
(TFA) was not detected. No transformation of PFOA was observed with base (40 mM NaOH)activated persulfate at 22ºC.
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Release of F- was quantifiable for the higher initial PFOA concentrations (1.21 and 6.04
µM), which was measured in the 31-h samples (42 mM Na2S2O8 at 50ºC). At 31 h, measured Fconcentrations were 42 µg/L and 346 µg/L in the treatments with 1.21 and 6.04 µM,
respectively, which is 13.2% and 21.2% of the fluorine content associated with the moles of
PFOA lost (15 moles F/mole PFOA). Using fluorine- and carbon-based equivalents approaches,
about 61% (F-based) and 46% (C-based) was obtained at 31 h accounting for C8-C4 PFCAs and
F-. The C and F not accounted for was likely associated with smaller perfluorinated compounds
(e.g., TFA which was not measured in this experiment) and gaseous components (e.g., CO2) that
were not measured (Table A2).

3.4.4 Oxidation of 6:2 FTSA and Subsequent Product Profiles
6:2 FTSA (100 µg/L, 0.215 µM) was immediately oxidized upon addition of 42 mM
Na2S2O8 to preheated solutions at both 40°C and 50°C with 98% transformed right after addition
of Na2S2O8. The CH2-CH2 between the perfluoroalkyl chain and the sulfonate makes this
compound much more susceptible to oxidation. Right after Na2S2O8 addition, PFCAs were
generated with PFHxA being the dominant product (Fig. 3.4b as well as Fig. A4 and A5)
followed by shorter chain PFCAs (PFPeA and PFBuA) similar to what was observed for PFOA
(Fig. 3.4a). However, generation of PFHpA (one CF2 unit larger than the original perfluoroalkyl
chain) at approximately the same concentrations as PFPeA (Eq. 2).

6:2 FTSA

PFHxA → PFPeA → PFBuA → TFA →…..
PFHpA

Eq. (2)
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At 85°C with 60.5 mM Na2S2O8 in similar unbuffered systems PFHpA was observed once at t=1
h at the LOQ (0.007 M PFHpA) (Fig. A5). In the latter study, solutions were not preheated
prior to persulfate addition, but 6:2 FTSA was still partially transformed (6.2%) immediately
upon Na2S2O8 addition due to acid-catalysis with persulfate (Liang et al., 2007). In a similar
experiment but conducted at pH ≥ 12, PFHpA was again observed at the LOQ at t = 1 h and then
remained just below the LOQ for the remainder of the reaction period. Houtz and Sedlak (2012)
also observed 2-3 mol % PFHpA and PFNA from 6:2 FTSA and 8:2 FTSA, respectively, at the
end of their reaction period of 6 h in their pH ≥ 11.5 heat (85ºC)-activated persulfate oxidation
system proposed for assessing precursor PFASs. At pH ≥ 12, the shorter chain PFCAs increased
in concentration between 0-2 h and then decreased to a constant level by t = 4 h (Fig. A5). In the
unbuffered systems, mole balance at 6 h was only ~10% whereas at pH ≥ 12, mole balance was
~82%, which is comparable with the ~73% mole balance reported by Houtz and Sedlak for 6:2
FTSA at 6 h under the same high pH conditions and similar mole ratios of the individual PFCAs.
In our high pH persulfate study with 6:2 FTSA, we monitored concentrations up to 24 h at which
time mole balance had decreased to ~59%.
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Figure 3.4 The products of (a) PFOA (0.241 µM) and (b) 6:2 FTSA (0.215 µgM) degradation by
Na2S2O8 (42 mM) at 50°C and under unbuffered pH.
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3.4.5 PFOA degradation in an aqueous soil slurry
In the soil (0.2% OC) slurry (1:4 g:mL) with 1,000 µg/L PFOA, about 25% of PFOA was
degraded in the first 7 days with 42 mM Na2S2O8 at 50 °C and another 30% in the next 7 days
after another Na2S2O8 addition equal to 42 mM Na2S2O8 (Fig. 3.5) whereas in no-soil control
system after 14 days (Fig. 3.5), only 0.4% of the initial PFOA remained. This lessen PFOA
degradation in an aquifer soil slurry system might be due to additional reactions with soil organic
matter or mineral surfaces and the limited diffusion of sulfate radicals caused by low
permeability of aquifer material. However, a similar PFCA pattern emerged between the soil and
no-soil systems except the PFCA concentrations were 3 to 5 times lower in the soil-slurries
where much less PFOA had been removed. In addition, the concentrations of PFOA and PFCAs
products in aqueous phase were higher than in extracts of soil indicate that PFOA and PFCAs are
favored to be in water phase than adsorbed to soil phase. Thus, in a field scenario, PFOA and
PFCAs are readily degraded by persulfate in-situ injection and the use of persulfate in-situ would
require repeated injections to achieve complete removal of PFOA and PFCA products.
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Figure 3.5 PFOA (1.201 µM at time 0) oxidation in soil slurries of 4 g soil and 20 mL solution.

3.4.6 PFOS
The heat-activated persulfate transformation potential of 0.92 M (450 g/L) PFOS was
assessed at 85°C and 60.5 mM Na2S2O8 and 90°C and 84 mM Na2S2O8. No PFOS
transformation was observed as exemplified in Fig. 3.6 and Fig. A7 in Appendix A and no
generation of any PFAAs was observed. Yang et al. (2013) reported a maximum of 22% PFOS
removal in about 12 h when starting with much higher initial PFOS concentrations (186 M)
using various persulfate activation methods of which hydrothermal (high temperature and
pressure) exhibiting the highest PFOS removal. They also reported generation of F- (~20 mol%)
and PFCAs. We observed no PFCA generation. This suggests that while there may be some
potential to use persulfate for deactivation of PFOS sources, they are not amenable for in-situ
transformation of PFOS at the concentration ranges present in groundwater.
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Figure 3.6 No transformation of PFOS with heat (85ºC)-activated persulfate (60.5 mM)
oxidation.

3.5 Discussion
Heat-activated persulfate leads to the production of sulfate radicals (Eq. 3) followed by
the radicals primarily react with the organic compounds present (Eq. 4), water (Eq. 6) and
resulting hydroxyl radicals (Eq. 6), and other sulfate radicals (Eq. 7, self-scavenging). At pH ≥
12, the sulfate radical is rapidly converted to the hydroxyl radical (Eq. 8), which results in the
OH concentration being several orders of magnitude higher than SO4- (Liang and Huang, 2012).
S2O82- + heat → 2SO4-

Eq. (3)

SO4- + CF3(CF2)6COOH → CF3(CF2)6- + CO2

Eq. (4)

CF3(CF2)6- → →CF3(CF2)n-1COO- + products

Eq. (5a)
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CF3(CF2) n-1- + SO4- →CF3(CF2)n-1OS3O- + products

Eq. (5b)

CF3(CF2)n-1OS3O-+ H2O → CF3(CF2)n-1OH + products

Eq. (5c)

CF3(CF2)n-1OH → → CF3(CF2)5COOH + products

Eq. (5d)

SO4- + H2O → OH + H+ SO4-2

Eq. (6)

SO4- + SO4- → chain termination

Eq. (7)

SO4- + OH- →OH + SO42-

Eq. (8)

The mechanistic details for which the perfluoroalkyl hydrocarbon radical converts to a
PFCA of one less CF2 group (Eq. 5) is still not clear. However, the products that have been
observed are the series of PFCAs of increasingly shorter chain length over time, F-, CO2, and in
the case of Hori et al. (2010) where gas chromatographic (GC) analyses of the headspace was
performed, low levels of perfluoroalkyl alcohols. They also propose that the alcohols rapidly
undergo HF elimination followed by HF hydrolysis to a one CF2 unit shorter PFCA, and the
cycle repeats yielding shorter and shorter PFCAS, thus referred to unzipping. Vecitis et al.
(2009) proposed that the perfluoroalkyl hydrocarbon radical is converted to a PFCA by the
addition of O2 (Vecitis et al., 2009); however, Hori et al. (2008) proved that the same PFCA
products result for heat-activated persulfate conducted in an O2-free argon atmosphere.
For 6:2 FTSA in both unbuffered and to a lesser extent in the pH ≥ 12 systems, it is
apparent that radicals subsequent to SO4- and OH must form leading to addition of a CF2 group
to the perfluoroalkyl chain albeit to only a small extent. At pH ≥ 12, heat-activated persulfate
also yielded shorter chain PFCAs for which concentrations increased between 0-2 h and then
decreased to a constant level by t = 4 h (Fig. A6). The decrease in the individual specific PFCA
concentrations between 2-3 h suggests that some early transformation did occur via SO4-
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radicals or perfluoroalkyl radicals. Given that no transformation was observed when starting
with a PFCA, e.g., PFOA, perfluoroalkyl radicals generated from the SO4- induced OH may be
the most likely candidate. Subsequently, OH dominates after which further transformation of
PFCAs generated from other PFASs appears minimal (e.g., between 6 and 24 h). The latter is
what allows the high pH heat-activated to be used as an inexpensive tool for quantifying the total
potential of an influent to lead to mobile PFCAs through a wastewater treatment process rather
than trying to identify all the parent precursors.

3.6 Summary and Implications
Previous studies showed that PFOA was oxidized by heat-activated persulfate (S2O82-)
using high PFOA concentrations (Lee et al., 2012) and high temperature (Liu et al. 2012). We
evaluated environmentally relevant concentrations 0.121 6.04 M (i.e., 50 to 2500 g/L) at
relatively low temperature (20 – 60ºC) over a range of S2O82-concentrations (4.2 – 84 mM).
PFOA degradation was reasonably described by assuming pseudo-1st order behavior with
oxidation rates increasing with increasing temperature and S2O82- concentration. We found that
PFOA and 6:2 FTSA at environmentally relevant concentrations were oxidized over the S2O82range investigated and even at relatively low temperatures producing shorter chain PFAAs and F‒.
For example, half-lives for PFOA were 0.1 to 7 d going from 60°C to 30°C with 42 mM S2O82and 6:2 FTSA degraded at even faster rates. Also the presence of soluble fuel components (e.g.,
BTEXs) at even 40 times higher molar concentration than PFOA did not impact PFOA
degradation rates. However, PFOS remained unaltered by heat-activated S2O82- even under higher
temperature (85 and 90°C) at 60.5 and 84 mM S2O82-. In a soil slurry, even though PFOA was
still oxidized by heat-activated persulfate (42 mM) at 50°C, however, the effectiveness of heat-
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activated persulfate on PFOA degradation was reduced. Therefore, when this technology is used
to oxidize PFOA, it requires repeated injection of persulfate to achieve complete PFOA
degradation.
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4. PERFLUOROOCTANE SULFONATE (PFOS) REMOVAL WITH
PD0/NFE0 NANOPARTICLES:

ADSORPTION OR AQUEOUS FE-COMPLEXATION, NOT TRANSFORMATION?
Reproduced from
Park, S.; Zenobio, J. E; Lee, L. S. 2017, Perflurooctane sulfonate (PFOS) removal with Pd0/nFe0
Nanoparticles: Adsorption or Aqueous Fe-complexation, Not Transformation? Journal of
Hazardous Materials. 342: 20-28.
with permission from Elsevier Ltd., Copyright 2017

4.1 Abstract
PFOS removal at 6 and 21 days (d) when reacted with palladium coated zero valent iron
nanoparticles (Pd0/nFe0 NPs) was quantified as a function of pH (3.6, 5.5, and 8.7) and
temperature (22, 45 and 70°C). PFOS concentrations were measured in aqueous phases and NP
extracts. The greatest PFOS removal occurred at 6 d with the lowest pH and highest temperature;
however, recovered PFOS increased at 21 d. Furthermore, neither F‒ nor SO42- (from SO32cleavage) generation was observed indicating the absence of PFOS transformation. X-ray
diffraction analysis of PFOS-reacted NPs at 45°C revealed generation of FeO(OH) on the NPs at
21 d, which was concomitant with subsequent increases in PFOS recovery. Under anaerobic
conditions, strongly adsorbing Fe(OH)3 is formed which can then transform to less sorptive
FeO(OH) via Fe2+ catalyzed transformation. In the process of exploring causes for apparent
PFOS removal with Pd0/nFe0 NPs, PFOS as well as other perfluoroalkyl acids (PFAAs) were
found to form aqueous-phase complexes with Fe(II/III) which can reduce their quantifiable
levels. PFOS-Fe complexation was greater with Fe(III) and increased with Fe concentration and
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decreasing pH. Complexation was also greater for longer chain perfluoroalkyl acids and
complexation of PFNA was greater than for PFOS.

4.2 Introduction
Per- and polyfluoroalkyl substances (PFASs) have been widely utilized in relatively large
quantities since the 1950s for industrial and commercial products such as wetting agents,
lubricants, corrosion inhibitors, and stain resistant treatments and fire-fighting foams (Buck et
al., 2013; Giesy and Kannan, 2002) including aqueous film-forming foams (AFFFs) (Place and
Field, 2012). AFFFs are particularly superior to other foams for extinguishing hydrocarbon fuel
fires, thus were commonly used at facilities that routinely serviced aircrafts such as airports and
military bases. Fire-fighting training for more than 30 years at many military bases resulted in
repeated short-term releases of AFFFs at several hundred sites in the US alone. AFFFs are
comprised of either electrochemical fluorination-based or fluorotelomer-based PFASs. A subset
of PFASs, the perfluoroalkyl acids (PFAAs) such as perfluoroalkyl carboxylates (PFCAs) and
perfluoroalkyl sulfonates (PFSAs) (Place and Field, 2012; D’Agostino and Mabury, 2013) are
also known terminal products of microbial degradation of larger PFASs (Liu and Avendano,
2013; Royer et al., 2015; Dasu et al., 2013; Vecitis et al., 2009; Prevedouros et al., 2006; Schultz
et al., 2003).
Of the known PFAAs, long chain perfluorooctanoic acid (PFOA) and perfluoroctane
sulfonate (PFOS) have received the most attention to date with respect to the environment and
public health due to their global distribution, high persistence, bioaccumulative properties,
potential carcinogenic nature, and their impact on immune and thyroid system (Conder et al.,
2008; Lau et al., 2007; CDC, 2009, 2015). PFOA and PFOS have been detected in AFFF-
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impacted groundwater at military sites from the low ppb to the low ppm level (e.g., PFOA: 6,570
µg/L and PFOS: 2,300 µg/L) (Shultz et al., 2004). These values are well above the most recent
US. EPA Provisional Health Advisory values of 70 ng/L total for PFOA and PFOS for drinking
water (USEPA, 2016). Even lower levels are being set by many individual states (e.g., 11 ng/L
for PFOS by Michigan Department of Environmental Quality and 40 ng/L for PFOA by New
Jersey Department of Environmental Protection within the US) (Michigan Department of
Environmental Quality, 2015; New Jersey Department of Environmental Protection, 2007).
Given that the number of sites where PFAAs are being detected in groundwater is
increasing and the inability of microbes to further transform PFAAs, there is a need for viable
abiotic in-situ technologies to remove PFOA and PFOS as well as other PFAAs. Recently,
several reports have shown successful decomposition of PFOA and shorter chain PFCAs using
heat-activated persulfate oxidation (Lee et al., 2012; Liu et al., 2012; Hori et al., 2008), which
can be used in-situ; however, PFOS was unaltered by this approach (Park et al., 2016).
Zero valent iron (ZVI or Fe0) has been extensively studied and accepted as an attractive
approach for remediation of persistent organic compounds including chlorinated hydrocarbons,
because it is inexpensive, readily available, and has minimal environmental risk (Keum and Li,
2005; Cho and Park, 2006; He et al., 2010; Lutze et al., 2012; National Response Center, 2012).
Hori et al. (2006, 2008) showed degradation of PFOS and perfluorohexane sulfonate (PFHxS) at
initial concentrations of 93 – 372 M using Fe0 (< 53 µm) under sub- and supercritical water
conditions with 30 to 50 mol% fluoride production and some sulfate production. Such conditions
are not suitable for in-situ remediation; however, there may be other ways to enhance Fe0
reactivity towards PFOS defluorination that are more amenable for in-situ use. For example,
using nanoscale ZVI (nZVI or nFe0) increases specific surface area to 30 – 40 m2/g, which is

49

about 40 times greater than conventional Fe0, thus potentially increasing reactivity (Jia et al.,
2011). Another approach to enhancing reactivity is addition of a catalyst like Ni, Cu, Pt or Pd
onto the nFe0 surface. Of these, Pd has been considered the most active and selective for
dehalogenation reactions (Bertolini and Jugnet, 2002), thus has been widely explored in
degradation of halogenated compounds (Choi et al., 2008; Gunawardana et al., 2011, 2012; Xu,
2005; Patel and Suresh, 2008; Xuan et al., 2010; Grittini et al., 1995; Wang et al., 2008; Wang et
al., 2013; Yang et al., 2013; Chao et al., 2012; Jeen et al., 2014).
Palladization of nFe0 was expected to enhance partial PFOS defluorination through
several processes including reducing the activation energy through the electron filling potential
of the unfilled orbitals in Pd (Wang et al., 2008; Zhang et al., 1998), increasing surface area, and
increasing the reactive sites on the Fe0 surface for conversion of H+ or/and H2 to hydrogen
radicals (H•) (Tong et al., 2005; Elliott and Zhang, 2001). This study focused on the potential for
Pd0/nFe0 nanoparticles (NPs) to remediate PFOS in groundwater under conditions amenable for
in-situ use with metrics of success that included PFOS removal coupled to generation of fluoride
(F-) and/or sulfate (SO42-, a measure of SO32- release). Trends in PFOS removal (i.e., PFOS not
recovered) by Pd0/nFe0 NPs as a function of initial pH and temperature were observed; however,
no generation of transformation products was observed in any treatment. This led to investigating
other processes that may be responsible for apparent PFOS removal by Pd0/nFe0 NPs including
strong sorption and PFOS complexation with Fe ions in aqueous phase released during nFe0
corrosion. Further investigation of complexation of other PFAAs with Fe was also included. The
concepts investigated during our evaluation of the potential processes leading to PFOS removal
by Pd0/nFe0 NPs and associated flow of experiments are summarized in Figure 4.1 for ease of
reference. The information gleaned in this work is imperative to ensuring that researchers are
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aware of pitfalls when assessing the potential for ZVI-based technologies to remediate PFAAs in
groundwater.

4.3 Materials and Methods
4.3.1 Chemicals
Technical PFOS (≥ 98% purity) and other PFAAs were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and isotopically mass-labelled PFAAs for use as internal standards (IS)
were obtained from Wellington Laboratories (Ontario, Canada) (furthered detailed in the
supporting information, SI). nFe0 < 25 nm particles were obtained from SkySpring
Nanomaterials, Inc. (Houston, TX, USA). Sources of other chemicals used including palladium
acetate {Pd(C2H3O2)2}, iron salts, and solvents are provided in the Appendix B.

4.3.2 Preparation of Pd0/nFe0 NPs
Pd0/nFe0 NP synthesis as well as subsequent reactions with PFOS were conducted in an
anaerobic chamber under 95% N2 and < 5% H2 atmosphere. nFe0 particles were coated with Pd
to achieve 1 wt% Pd on the nFe0 by mixing 0.2 g of nFe0 with 20 mL of 0.1 g/L Pd(C2H3O2)2
dissolved in acetone in 50-mL polypropylene (PP) centrifuge round bottom tubes. Mixtures were
sonicated for 40 min to plate Pd onto the nFe0 surface through the following reaction: Pd2+ + Fe0
→ Pd0 + Fe2+ (Grittini et al., 1995), which was confirmed by a color change from yellow-red to
colorless. After coating nFe0 with Pd, solid and liquid phases were separated by centrifugation
(30 min at 3,300 rpm, 2,042 g) followed by washing the Pd0/nFe0 NPs three times with
deoxygenated 18 MΩ water with centrifugation between each wash. All samples were capped
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tightly and wrapped with parafilm to minimize oxygen entry. 2,4,6-trichlorophenol was used as a
positive control to confirm reactivity of the synthesized Pd0/nFe0 NPs.

4.3.3 PFOS removal in batch reactions of Pd0/nFe0 NPs (Concept 1 in Fig. 4.1)
PFOS removal using Pd0/nFe0 NPs was evaluated as a function of pHi (range 3 to 8.7)
and temperature (22, 45, and 70ºC) after a 6-d and 21-d reaction time. PFOS was added through
an aqueous solution (10 mL) to freshly prepared Pd0/nFe0 NPs (0.2 g) in 50-mL PP centrifuge
round bottom tubes (PP) to achieve a concentration of ≈ 7 µM (measured range across NP
experiment 6.2 to 7.4 µM) and mixed (110 rpm) on a temperature-controlled horizontal mixer.
PP tubes have been shown by others to negligibly sorb PFAAs (Guelfo and Higgins, 2013).
When a specific initial pH (pHi) was desired, pHi was adjusted using 0.5 M HCl or 0.5 M NaOH
solutions. Hereafter, values of pHi refers to aqueous PFOS solution pH prior to exposure to
Pd0/nFe0 NPs and pH measured after a reaction refers to the final pH (pHf).
Samples were sacrificed at designated times and centrifuged (1 h at 3,300 rpm, 2,042 g)
followed by removal of the aqueous solution for analysis. The remaining metal particles were
extracted five times for PFOS with 10-mL of acidified methanol (10/90, v/v, 1% acetic
acid/MeOH). Minimal PFOS was measured in 4th and 5th extracts, thus all PFOS was assumed to
have been extracted. After the 5th acidified methanol extraction, 10-mL of 25/75 v/v 200 mM
KOH/acetonitrile was added to remaining metal particles and sonicated for 30 min at 45°C from
which no additional PFOS was recovered. PFOS removal by Pd0/nFe0 NPs is defined as PFOS
not recovered after exhaustive extraction, which was quantified by comparing the sum of PFOS
mass measured in the aqueous phase and all NP extracts to the measured initial PFOS mass
applied. All the samples containing aqueous phase, extracts, or the remaining solid Pd0/nFe0 NPs
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were tightly capped and wrapped using parafilm to avoid oxygen exposure then stored at ‒4ºC
until analyses.

4.3.4 Fe(II/III) complexation with PFOS (Concept 2a in Fig. 4.1)
Fe(II/III) has been shown to form strong Fe(II/III)-organic compounds complexes with
organic compounds containing polar groups such as organic acids (Rose and Waite, 2003).
Therefore, formation of PFOS-Fe(II/III) complexes and the potential that such complexes may
reduce the amount of PFOS that is quantified by negative electrospray ionization mass
spectrometry (ESI MS) or quadrapole time of flight (QTOF) MS was explored (Concept 2a in
Fig. 4.1). PFOS-Fe(II/III) complexation was quantified as a function of Fe valence state and
concentration including 89.6 and 200 µM Fe(II) and 8 to 540 µM Fe(III) and pHi (range 3.3 to
8.8) when initial PFOS concentration was 7.3 µM. Fe(II/III) solutions (35-mL) prepared with
FeCl2 or FeCl3 were added to 50-mL PP centrifuge tubes containing an aqueous PFOS solution
(5-mL). Tubes were covered with aluminum foil to minimize light exposure and mixed at room
temperature (22 ± 0.5°C) on an end-over-end rotary shaker (100 rpm) for 24 h. After 24 h,
aliquots were taken and analyzed along with the PFOS solution (6-7µM) to which no Fe was
added. The difference in PFOS measured in the presence and absence of dissolved Fe ions was
assumed to be due to PFOS-Fe(II/III) complexation. Therefore, the degree of complexation was
quantified by comparing the PFOS mass in aqueous phases in the presence and absence of
Fe(II/III). In this case, pHi refers to the pH measured immediately after mixing together Fe(II/III)
and PFOS solutions and pHf refers to the pH measured after the 24-h equilibration.
Assuming PFOS complexation with Fe(III) and release from the complex is controlled by
ligand exchange selectivity and mass action, the effectiveness of adding 1 mM NaOH to
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exchange PFOS in the Fe(III) complex with the OH‒ was explored. After OH‒ addition, samples
were mixed end-over-end rotary shaker (100 rpm) for 24 h and analyzed along with the initial
PFOS only solution (no Fe) pH-adjusted to match the pHf of ~10. PFOS measured in the
presence of OH‒ above what was measured in the samples prior to OH‒ addition was assumed to
be PFOS released from PFOS-Fe(III) complex. Ligand exchange of PFOS with EDTA (6 mM),
which is a known to be a strong ligand exchanger, was also tested at the same time for
comparison.

4.3.5 Fe(III) complexation with other PFAAs (Concept 2b in Fig. 4.1)
Fe(III) complexation with additional PFAAs of varying chain length and polar head
group (carboxylates and sulfonates) was evaluated for comparison (Concept 2b in Fig. 4.1) under
the conditions where the greatest PFOS complexation was observed, which was with Fe(III) (500
µM selected) in the acidic pH range of 3 to 4. C4 to C9 PFCAs, perfluorobutane sulfonate
(PFBS), PFHxS and PFOS were selected and the potential to complex with Fe(III) was evaluated
individually for each using the same experimental approach as described for evaluating PFOSFe(II/III) complexation.

4.3.6 Instrumental analysis
All samples were analyzed using a Shimadzu high performance reverse-phase liquid
chromatography (HPLC) system coupled to a Sciex API3000 mass spectrometer used in negative
electrospray ionization mode (ESI/MS/MS) or a Shimadzu (Nexera x2) ultra-HPLC (uPLC)
coupled to an AB Sciex5600 Triple Quadrapole Time-of-Flight (QTOF) MS as detailed in the
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Appendix B. All Pd/nFe samples and the effect of Fe concentration on Fe-PFOS complexes were
analyzed using the QTOF. PFOS-Fe complexation as a function of pH and Fe(III) complexation
with the other PFAAs were analyzed using the API3000. Choices were based on system
availability. For Pd0/nFe0 NPs samples, aqueous PFOS solutions were diluted 1:1 with MeOH
and acidified MeOH extracts were diluted 1:1 with water. For all Fe(II/III)-PFAA complexation
experiments, all samples were aqueous and quantified using aqueous-based standards.
Immediately prior to analysis, 30 µL of a M8PFOS or corresponding isotopically mass-labeled
PFAA was added as an IS to each HPLC vial to correct for matrix effects. Internal standard
calibration using the appropriate isotopically mass-labelled PFAA was used for quantification
(detailed in Appendix B and Table B1).
The generation of F‒ and/or SO32– was expected with PFOS transformation. Upon
exposure to air, SO32– is rapidly oxidized to SO42– (Fig. B1); therefore, complete conversion of
SO32– to SO42– was facilitated prior to analysis to more accurately quantify any SO32– production
that may occur (details in the Appendix B). F‒ and SO42– were quantified using external standard
curves in all aqueous samples and controls using an automated Metrohm 850 Ion
Chromatography (IC) (Metrohm, Herisau, Switzerland) equipped with a conductivity detector,
chemical suppressor, eluent degasser, and a Metrosep A sup 5 column (5 µm, 150 × 5.0 mm)
maintained at 30°C. The IC mobile phase was 3.2 mM Na2CO3/1.0 mM NaHCO3 maintained at
0.7 mL min-1. Limits of quantitation (LOQ) for F- and SO42- were 9 g/L and 68 g/L,
respectively. Fe(II/III) concentrations were quantified by acidifying samples to pH < 2 with 0.5%
nitric acid, mixing for 24 h, and analyzing by inductively coupled plasma coupled to a quadruple
ELAN DRC-e spectrometer (PerkinElmer SCIEX, Ontario, Canada).
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X-ray photoelectron spectroscopy (XPS) (a Kratos Axis Ultra spectrometer) was used to
confirm Pd deposition and the charge of Fe on the surface of Pd0/nFe0 NPs (Fig. B2). Pd0/nFe0
NPs were also characterized by X-ray diffraction (XRD) spectroscopy to identify the type of iron
oxides present due to nFe0 corrosion as a function to time and temperature as a part of exploring
potential changes in PFOS adsorption and extractability (Concept 3 in Fig. 4.1). Prior to XRD
analysis, extracted Pd0/nFe0 NPs were tightly closed and wrapped using parafilm for minimal
oxygen exposure then stored at ‒4ºC after removing all solvent that could be removed with a
pipette.

4.3.7 Statistical analysis
One-way analysis of variance was used for all statistical analysis to determine the
significant difference between the results of each treatment. A p-value of 0.05 was used
assessing probability of significance. If the difference was observed among treatments, a Tukey
post hoc test was conducted to determine the differences existed among treatments.

4.4 Results and Discussion
4.4.1 Pd0/nFe0 NPs reactions with PFOS (Concept 1 in Fig. 4.1)
XPS confirmed the successful deposition of Pd onto the nFe0 (Fig. B2). The reactivity of
the Pd0/nFe0 NPs was confirmed by complete transformation of 2,4,6-trichlorophenol within 24 h
with generation of chloride.
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Figure 4.1 The concepts investigated in the evaluation of potential processes leading to PFOS
removal by Pd0/nFe0 NPs and associated experimental approaches.

PFOS removal was affected by pHi (Fig. 4.2A) with removal at pHi = 3.6 being
statistically higher than observed at both higher pHi conditions (5.5 and 8.7) at both 6 d (p-value
= 0.0283 and 21 d (p-value = 0.0495). Although pHi ranged from 3.6 to 8.7, the pHf range was
much smaller at 4.7-5.5 and 4.3-5.3 for the 6-d and 21-d samples, respectively. Gas generation
(H2) was observed in all Pd0/nFe0 NPs samples (Eq. 1a and 1b); however, only under acidic pHi
conditions is H2 generation expected to generate hydrogen radicals (H·), which is promoted by
H+ consumption (Eqs.1b and 2) and enhanced nFe0 corrosion generating electrons. H· and
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electron generation have been known to participate in dechlorination reactions in Pd0/nFe0 NPs
systems (Gunawardana et al., 2011, 2012; Xu, 2005; Patel and Suresh, 2008; Xuan et al., 2010;
Grittini et al., 1995; Wang et al., 2008, 2013; Yang et al., 2013; Chao et al., 2012; Jeen et al.,
2014; Zhang et al., 1998; Tong et al., 2005).

Fe0 + 2H2O → Fe2+ + H2↑ + 2OH– (occurs under acidic and neutral pH)

Eq. (1a)

Fe0 + 2H+ → Fe2+ + H2↑ (occurs under acidic pH)

Eq. (1b)

H2 on Pd → 2H·

Eq. (2)

PFOS removal was not impacted by temperature in the range investigated (22 to 70C)
(Fig. 4.2B) in the 6-d samples (p-value = 0.2737). At 21 d, removal was statistically higher at
22C (p-value = 0.0111). However, surprisingly for the higher temperatures, PFOS removal
decreased (i.e., higher recoveries) between the 6-d and 21-d reaction times, which clearly
indicated that most, if not all, PFOS removal at 6-d was not due to transformation. At a later time
when exploring other possible contribution to apparent PFOS removal, the Pd0/nFe0 NPs at 45°C
was repeated (designated with an asterisk in Fig. 4.1B), which gave similar results and confirmed
that these observations were not due to unknown analytical artifacts or poor reproducibility in
preparing the Pd0/nFe0 NPs.
In addition, no generation of F‒ and SO32‒ (or SO42‒) was detected in the aqueous
solutions of any treatment of the Pd0/nFe0 NPs. The possibility of any F- or SO42- generate
possibly being adsorbed to the NPs was considered. In F- or SO422- adsorption tests for Pd0/nFe0
NPs (detailed in Appendix B, Fig. B3) indicate that sulfate generated from 25% PFOS may have
been below LOQ (68 g/L) in the aqueous solutions after considering sorption. However, F‒
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should still have been above LOQ (9 g/L) even if only one mole of fluorine was produced for
each mole of PFOS not recovered. Therefore, other concepts that may explain the PFOS removal
trends with temperature and time were explored, including potential PFOS complexation with
Fe(II/III) released during Fe0 corrosion in aqueous phase and changes in the Pd0/nFe0 NPs
surface affecting the strength of PFOS adsorption, thus extractability.

Figure 4.2 (A) Effect of initial pH on PFOS removal % (nFe0 = 0.2 g, Pd = 1.0% wt. of 0.2 g
nFe0, PFOSo= 38 µg, T = 22°C); and (B) Effect of temperature on PFOS removal % (nFe0 = 0.2
g, Pd = 1.0 % wt. of 0.2 g nFe0, PFOSo = 31 µg for 22 and 45°C, PFOSo = 35 µg for 70°C, initial
pH at ~3.5). * indicates the replicated experiment and n.d.means not determined.
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4.4.2 Aqueous PFOS-Fe(II/III) complexation (Concept 2a in Fig. 4.1)
The difference in PFOS quantified with HPLC/MS/MS or QTOF MS in the presence and
absence of Fe(II/III) was assumed to be PFOS complexed with Fe(II/III). For PFOS (6-7 µM)
equilibrated for 24 h with 89.5 µM Fe(II) or Fe(III) (13.6 Fe to PFOS molar ratio) at pHi  4
measured PFOS concentrations were reduced by 14 ± 1% and 40 ± 1%, respectively (data not
shown). No precipitation was observed, thus, the reduction in quantifiable PFOS was presumed
to be due to the formation of PFOS-Fe(II/III) complexes. If complexation is the process
impacting PFOS quantitation, the greater effect observed with Fe(III) compared to Fe(II) is
consistent with Fe(III) being the stronger Lewis acid (Emmenegger and Sigg, 2001).
Maximizing the declustering potential (DP = ‒300), ionspray voltage (ISVF=‒4500), and
temperature (TEM=600) applied to the QTOF MS source did not increase measured PFOS
concentrations at the expected m/z (498.93) for PFOS in negative ESI. Full QTOF scans of
PFOS-Fe(III) samples and controls were run in both negative and positive ion mode for the mass
range of 30~1100 m/z to look for peak intensities that were at least 10 times higher than anything
observed in the controls (solutions of PFOS with no Fe and solutions of Fe with no PFOS). Only
in positive mode, several peaks were found that had intensities tens to thousands times higher
than in controls (Table B2 in Appendix B). None of these peaks matched any of the expected m/z
values for the potential theoretical masses for PFOS-Fe(III) complexes considering simple
adducts with mobile phase components (methanol, acetonitrile, water and ethanolamine) or
common cations (H+, Na+ and K+). A publicly available R-based program designed to facilitate
detecting isotope, adduct and homologue relations in LC-MS data (https://CRAN.Rproject.org/package=nontarget) did identify some masses with the potential to be adducts of
PFOS-Fe complexes, but results were not definitive (additional details in Appendix B).
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PFOS complexation with Fe(III) was statistically greater at the lowest pHi (3.8) (p-value
≤ 0.0001) with no statistical differences among the higher pHi values (5.3 to 8.8) (Fig. 4.3A).
Significantly higher complexation under low pHi conditions was consistent with our hypothesis
that high concentration of OH‒ as a competing ligand would release PFOS from complexes with
Fe(III). Indeed, addition of 1 mM NaOH to PFOS-Fe(III) complexation samples, which
increased pH to ~10, resulted in 100% PFOS recovery (Fig. B4). Ligand exchange of PFOS with
6 mM EDTA tested at the same time was much less effective with no more than 60% of PFOS
recovered (Fig. B4). Increasing the concentration of OH‒, thus pH, results in (i) effective
competition with PFOS for complexing with Fe(III) as well as (ii) formation of Fe(OH)x ions
reducing the overall valence state of Fe, thus also reducing complexation potential. Both of these
mechanisms reduce free OH‒ activity, which is supported by significant decreases in pH between
initial and final pH after the 24 h equilibration time (Fig. 4.3A).
Under low pHi conditions where the greatest complexation is observed, increasing Fe(III)
concentration from 8 to 540 µM resulted in increased PFOS complexation (Fig. 4.3B). This Fe
concentration range is within levels observed in groundwater (0~893 µM, Lenntech Technical
report) (Lenntech report). However, groundwater pH is not typically this low, and often times, is
dominated by Fe(II) especially at contaminated sites where other contaminants have led to
reduced conditions (Ngah and Nwankwoala, 2013). Therefore, we quantified the degree of PFOS
complexation with 200 µM Fe(II) at an pHi of 6.2, which is within environmentally relevant
groundwater pHs. Under this condition, 17 ± 4 % of PFOS complexed with Fe(II).
To assess the actual contribution of PFOS-Fe(II/III) complexation in PFOS removal
observed in Pd0/nFe0 NPs systems, the aqueous samples from the PFOS-Pd0/nFe0 NPs replicated
samples at 45°C (*in Fig. 4.2B) were analyzed before and after increasing pH to ~10. No
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statistical difference in measured PFOS was observed between the pH-adjusted and unadjusted
samples for either the 6-d or the 21-d samples. The dissolved Fe concentration in stored (4C)
aliquots was quantified using ICP-MS about 2 months after the PFOS-Pd0/nFe0 NPs experiment.
Dissolved Fe concentrations were highly variable and ranged from below limits of quantitation
(LOQ of 6.5 µM) to almost 9 µM. In our controlled PFOS-Fe(III) complexation study, 8 µM
Fe(III) was able to complex 15 ± 3% PFOS (Fig. 4.2B); however, to achieve a similar %
complexation with Fe(II) required > 89.5 µM Fe(II) (89.5 µM Fe(II) only 14 ± 1% PFOS was
complexed). Given that the reactions with the Pd0/nFe0 NPs were conducted under anaerobic
conditions, Fe released to the aqueous phase during the reactions was likely Fe(II), thus the Fe
concentrations were not sufficient to cause significant PFOS complexation.

Figure 4.3 (A) The effect of initial pH on PFOS-Fe(III) complexation % ([PFOS]o = 7.3 µM,
[FeCl3] = 20 µM, reaction time = 24 h, T = 22 ± 0.5°C); and (B) The effect of Fe(III)
concentration on PFOS complexation % ([PFOS]o = 7.3 µM, reaction time = 24 h, T = 22 ±
0.5°C).
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4.4.3 Effect of PFAA chain length and polar head group on complexation with Fe(III) under low
pH conditions (Concept 2b in Fig. 4.1)
Although Fe(II) is likely to dominate in typical groundwater conditions (pH 6 to 8), for
comparison, the effect of chain length and polar head group on complexation with Fe was
evaluated for Fe(III) under only low pHi conditions given this is where the greatest complexation
was observed for PFOS. The degree of complexation in 1-d equilibration with Fe(III)
significantly increased with increasing chain length for both PFCAs (p = 0.0001) and PFSAs (p
= 0.0002) (Fig. 4.4). In comparing the effect of the polar head group, the first carbon for PFCAs
is part of the COOH group, thus PFOS was compared with PFNA for which the both have the
same perfluorinated carbon chain length and likewise for shorter chain PFAAs. Fe complexation
with PFNA was significantly greater than with PFOS (p-value= 0.0033). Whereas, differences
were not statistically significant between PFHpA versus PFHxS (p-value= 0.7733) and PFPeA
versus PFBS (p-value= 0.3107) where complexation was already low and standard deviations
relatively larger. For reference, no statistical differences in complexation between PFOA and
PFOS were observed.
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Figure 4.4 The effect of chain length and functional group on PFAAs complexation % ([PFAA]o
= 6~7 µM, [FeCl3] = 300 µM, initial & final pH ≤ 3, reaction time = 24 h, T = 22 ± 0.5°C).

4.4.4 Changes in PFOS adsorption on Pd0/nFe0 NPs (Concept 3 in Fig. 4.1)
Fe valence under anaerobic conditions and low Fe(II) release led to PFOS-Fe(II/III)
complexation not being a significant contribution to apparent PFOS removal in the Pd0/nFe0 NP
reactions. Therefore, we hypothesized that strong specific adsorption onto the surface of
Pd0/nFe0 NPs may be responsible for PFOS removal, and that the NPs surfaces, thus the
adsorption process, are subject to change over time and with temperature. To explore this
hypothesis, XRD was performed on 0, 6, and 21-d samples from the Pd0/nFe0 NPs reacted with
PFOS at 22 (pHi 3.6) and 45°C (pHi 3.2) experiments (*in Fig. 4.2B). At 0-d, a high intensity
peak for Fe0 (~53 º2 in Fig. 4.5) and a very small peak (~42 º2 in Fig. 4.5) for γ-Fe2O3 or
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Fe3O4 (mix of Fe2O3 and FeO) were observed (Fig. 4.5, B5 and B6). XRD patterns of Fe3O4 and
γ-Fe2O3 are hard to distinguish; therefore, Fe valence was assessed using XPS, which revealed
that only Fe(III) is present in the oxide on the surface (exemplified in Fig. B7 for 45°C in 6-d
samples) indicating that the peak is for γ-Fe2O3 (Yamashita and Hayes, 2008) and not Fe3O4.
Over time at both 22 and 45°C, the Fe0 peak decreased as expected due to nFe0 corrosion, while
the γ-Fe2O3 peak intensity increased. At 21-d only for the 45°C sample, a new peak
representative of FeO(OH) appeared (~25 º2 in Fig. 4.5, Fig. B5). Iron corrosion leading to the
occurrence of γ-Fe2O3 and FeO(OH) on the surface of Pd0/nFe0 NPs over time follows the wellknown Schikorr reactions (Schikorr, 1929) (Eqs. 3~6) (see Appendix B for additional steps not
shown below) following release of Fe(II) (Eq.1a).
3Fe2+ + 2H2O → Fe2+ + 2Fe3+ + H2 + 2OH‒

Eq. (3)

Fe2+ + 2OH‒ → Fe(OH)2

Eq. (4)

Fe3+ + 3OH‒ → Fe(OH)3

Eq. (5)

3Fe(OH)2 → FeO + Fe2O3 + 2H2O + H2

Eq. (6)

According to the Schikorr reaction (Eqs. 3~6) (Schikorr, 1929), the process of Fe0
corrosion under anaerobic condition involves the formation of Fe(OH)2 and Fe(OH)3 which are
difficult to observe using XRD due to their poor crystalline structures (Chen et al., 2014). Many
studies have shown the transformation of Fe(OH)3 to more crystalline phase such as FeO(OH)
when reacting Fe2+ under anaerobic conditions (Boland et al., 2014; Hansel et al., 2005; Pedersen
et al., 2005; Postma, 1993; Yang et al., 2010; Yee, 2006). Yee (2006) also showed that
increasing temperature accelerated the transformation of Fe(OH)3 to FeO(OH) in the presence of
Fe2+ ion under anaerobic condition and heat also enhances Fe0 corrosion leading to Fe2+
generation (Gerasimov and Rozenfeld, 1957; Tortorelli and Natesan, 1998). In our study,
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FeO(OH) only appeared for the Pd0/nFe0 NPs samples reacted at the higher temperature (45°C)
after 21 d, which based on other studies, is likely to be due to Fe(OH)3 transformation catalyzing
by Fe2+ generated via heat accelerated nFe0 corrosion.
Fe(OH)3 (ferrihydrite) has been shown to be a strong surface complexing adsorbent for
oxyanions such as PO43‒ (Wang et al., 2013), CO32‒ (Appelo et al., 2002), and SO42‒ (Fukushi et
al., 2013; Zhu et al., 2014). In our studies with 0.2 g Pd0/nFe0 NPs and 10-mL water,
approximately 56% of the PFOS recovered was in the aqueous phase. When PFOS was added to
fresh nFe0 systems, we were able to extract 97 ± 1% of PFOS with two sequential extractions
using 10-mL acidified MeOH. In PFOS reactions with Pd0/nFe0 NPs where Fe(OH)3 is
generated, we proposed PFOS forms strong surface complexes, which were not extractable,
which led to apparent PFOS removal. Over time, as Fe(OH)3 converted to FeO(OH), which
involves the dissolution of Fe(OH)3 and re-precipitation of FeO(OH) (Schwertmann and Murad,
1983; Nagano et al., 1994), PFOS was released resulting in more recovered PFOS at 21-d at
45°C than at 6-d at 45°C.
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Figure 4.5 XRD analysis of Pd0/nFe0 samples for 6 d and 21 d at pHi = 3.6 for both 22°C and 45°C as well as at 0 d and standards
(Std) for Fe, FeO(OH), and γ-Fe2O3 or Fe3O4 (Fe3O4 is a mix of Fe2O3 and FeO).
66
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4.5 Conclusions & Environmental Implications
This study proved that enhancing the generation of H· or electrons via nFe0 corrosion by
adding Pd0 was not sufficient to invoke PFOS transformation under conditions amenable for insitu remediation technologies. Although reaction with Pd0/nFe0 NPs at low pHi (3.4) for 6 d
resulted in up to 26% PFOS that could not be recovered after exhaustive extractions, F‒ and
SO42‒ (from sulfonate) expected with PFOS transformation were not detected. Also after
additional reaction time (21 d), PFOS removal decreased for the higher temperatures (45 and
70°C). The increased recoveries of PFOS (decreased PFOS removal) at longer reaction times
with heat (45 and 70°C) was hypothesized to be due to temperature and time-dependent changes
in the surface of the particles and subsequent changes on PFOS adsorptivity. XRD analysis of the
Pd0/nFe0 NPs reacted with PFOS at 45°C revealed generation of FeO(OH) on the Pd0/nFe0 NPs
at 21 d, which was concomitant with subsequent increases in PFOS recovery. During nFe0
corrosion under anaerobic conditions, we hypothesize that Fe(OH)3, which is not identifiable by
XRD due to its amorphous structure, was formed first on the Pd0/nFe0 NP surfaces to which
PFOS was strongly bound. As nFe0 anaerobic corrosion continued over time, Fe2+ catalyzed
conversion of Fe(OH)3 to a less sorptive FeO(OH) occurred subsequently releasing PFOS release
resulting in a decrease in PFOS removal over time and under heated conditions.
In the process of exploring plausible explanations for PFOS removal in the absence of
transformation, we found that PFOS as well as other PFAAs complex with Fe(II/III), which
reduces the PFAA concentrations that can be quantified with negative electrospray ionization
MS. Complexation was greater with Fe(III) and increased with perfluoroalkyl chain length, and
when comparing PFCAs and PFSAs of the same number of perfluorinated carbons,
complexation was grater for PFNA compared to PFNA, but no differences were observed
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between shorter PFAAs. Although Fe(II) released from corrosion of Pd0/nFe0 NPs under
anaerobic conditions within 21 d remained too low for PFOS-Fe complexes to significantly
impact PFOS quantitation, Fe concentrations present in groundwater are often much higher and
sufficient to yield PFOS-Fe complexes that could negatively bias PFOS quantitation as well as
other PFAAs. Likewise, in studies that use Fe0 or Fe2+ in approaches to remediate PFAAs, e.g.,
as an activator to generate sulfate radicals from persulfate (Lee et al., 2010; Liu et al., 2013), the
potential for PFAA-Fe complexes to form and reduce measurable PFAA concentrations should
be considered.
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5.1 Abstract
Several perfluoroalkyl sulfonic acids (PFSAs) including perfluorooctane sulfonate
(PFOS) and perfluorohexane sulfonate (PFHxS) are persistent, biologically recalcitrant, and
potentially toxic compounds of concern that frequently occur in groundwater associated with the
use of aqueous film-forming foams. Technologies amenable to in-situ remediation of
contaminated groundwater are needed. This study investigated if vitamin B12 (VB12) with
nanosized zero valent zinc (nZn0) can defluorinate PFOS (22, 70, and 90°C) and PFHxS (70°C).
Only branched (br-) isomers were transformed with generation of F‒ (no SO42‒ generation was
observed) and several polyfluoroalkyl organic intermediates/products. Linear (L-) isomers
remained unaltered. As temperature increased, both br‒PFOS isomer removal and defluorination
increased with 95% transformed within 5 days at 90°C. Isomer-specific removal rates estimated
for PFOS at 90°C were positively correlated to the proximity of the br-CF3 group to the terminal
CF3: 6‒PFOS >> 5‒PFOS > 3-and 4-PFOS. Br-PFHxS transformation was at least twice as slow
with less defluorination than br-PFOS. Organic intermediates/products identified from br‒PFOS
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and br‒PFHxS defluorination included C8‒ and C7‒ based polyfluorinated sulfonates and C6‒
and C5‒ based polyfluorinated sulfonates, respectively. Pathways to intermediates and what
appeared to be final products included removal of 4 F atoms replaced by 2 H atoms and a C=C
double bond as well as a series of F replacement by H. Although a VB12-nZn0 system can
effectively remove br-PFSAs especially at elevated temperatures, the lack of L-PFSA
transformation limits the usefulness of VB12 for groundwater remediation given the dominance
of L-PFSAs.

5.2 Introduction
Perfluorooctane sulfonate (PFOS) has received much attention due to its widespread
distribution in the environment, environmental persistence, biological and chemical
recalcitrance, potential toxicities, and bioaccumulative property (CDC, 2009, 2015; Conder et
al., 2008; Houde et al., 2008; Lau et al., 2007). Recently, several other perfluoroalkyl acids
(PFAAs) including perfluorohexane sulfonate (PFHxS) have been added to the U.S. EPA
Unregulated Contaminant Monitoring Regulation (UCMR 3) list due to their frequent occurrence
and persistence (USEPA, 2015). Perfluoroalkyl sulfonic acids (PFSAs) including PFOS and
PFHxS have been commonly used as components of aqueous-film forming foams (AFFFs)
(D’Agostino and Mabury, 2013; Place and Field, 2012). PFSAs are formulated by
electrochemical fluorination yielding a mixture of linear (L‒) and branched (br‒) isomers
(~70/30% L‒/br‒) (Alsmeyer et al., 1994; Buck et al., 2011). Due to their superior effectiveness
for extinguishing hydrocarbons fuel fires, AFFFs have been commonly and repeatedly used at
military bases and airports for emergency personnel training for more than the past three
decades. This has led to PFOS and PFHxS being detected in the low ppb to low ppm range at
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these sites (D’Agostino and Mabury, 2013; Hamilton Project Report, 2011; Kärrman et al., 2011;
Place and Field, 2012; Schaefer et al., 2015; Schultz, 2004), which is well above the recent US
EPA announced Provisional Health Advisory value for drinking water of 70 ng/L for combined
perfluorooctanoic acid and PFOS (USEPA, 2016). Other states in the USA are enforcing even
lower PFOS levels, e.g., 11 ng/L for PFOS in Michigan (Michigan Department of Environmental
Quality, 2015). Given the frequent occurrence of PFSAs above regulatory limits in groundwater
especially at AFFF-impacted sites (Prevedouros et al., 2006; Schultz et al., 2004), and the fact
that PFSAs are unable to be further degraded by microbes (Zhang et al., 2017; Liu and Mejia
Avendaño, 2013), remediation technologies amenable for in-situ use are needed. There are some
technologies that show promise for ex-situ remediation of groundwater, e.g., pump and treat,
which are primarily sorptive filtration processes or destruction technologies that require high
energy or extreme conditions (Merino et al., 2016). However, there are only a few that explore
PFOS transformation using technologies with in-situ potential and none for PFHxS
transformation. Park et al. (2016) explored heat-activated persulfate (PS, 60.5 mM) at 85°C; 84
mM at 90°C for 100 h), but observed no transformation of PFOS (0.92 µM). Likewise, Pd/Fe
systems for use as a permeable reactive barrier also did not yield any PFOS transformation (Park
et al., 2017). Liu et al. (2012) reported ~50% PFOS removal in 18 days with permanganate at
65ºC and pH=4.2, but with only 5% defluorination and < 40% desulfonation so it is unclear if LPFOS was degraded. Also at neutral pH, only ~10% PFOS removal was observed.
Vitamin B12 (VB12) is a well- known efficient electron mediator produced naturally by
anaerobic soil microorganisms (Lochhead and Thexton, 1951). Using VB12 at 70°C and pH 9
with Ti(III)-citrate (36 mM) as a reductant, Ochoa-Herrera et al. (2008) showed 71%
defluorination of br‒PFOS isomers in 5 d, but no removal of L-PFOS. L‒PFOS is the most
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abundant isomer found at AFFF-contaminated sites (Kärrman et al., 2011) and more
bioaccumulative (Houde et al., 2008) compared to the br-isomers. Given that L-PFOS was
unaltered with VB12 using high concentrations of Ti(III) as the reductant, we explored the use of
an alternate reductant with a higher reduction potential, nanosized zero valent zinc (nZn0; E0 = ‒
0.763 V) (Bratsch, 1988). Transformation over time was investigated at 22, 70 and 90C for
PFOS, and at 70C for PFHxS, with F- generation and isomer-specific PFSA removal rates
quantified. L-PFOS did not degrade. For br-isomers, organic intermediates were identified at
each sampling time in the 70°C experiments, and feasible reaction pathways were proposed.

5.3 Materials and Methods
5.3.1 Chemicals
PFOS isomer structures and nomenclature are provided in Fig. S1 in the Appendix C.
Technical heptadecafluorooctane sulfonate potassium salt (PFOS, C7F17SO3K, ≥ 98%), technical
tridecafluorohexane-1-sulfonate potassium salt (PFHxS, C6F13SO3K, ≥ 98%), and Vitamin B12
(VB12, Cyanocobalamin, C63H88CoN14O14P, ≥ 98%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Mass-labelled sodium perfluoro-1-[13C8] octane sulfonate (M8PFOS,
13

C8F17SO3Na, > 99%) and sodium perfluoro-1-[1,2,3-13C3] hexane sulfonate (M3PFHxS,
C312C3SO3Na, ≥ 99%) were obtained from Wellington Laboratories (Ontario, Canada) for use

13

as internal standards (IS). For isomer identification and composition quantification in technical
PFOS and technical PFHxS, potassium perfluoro-1-octanesulfonate (L‒PFOS), sodium
perfluoro-1-hexanesulfonate (L‒PFHxS), potassium perfluorooctane sulfonate (Technical grade),
sodium perfluoro-1-methylheptane sulfonate (P1MHpS; 1‒PFOS), sodium perfluoro-3-
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methylheptane sulfonate (P3MHpS; 3‒PFOS), sodium perfluoro-4-methylheptane sulfonate
(P4MHpS, 4‒PFOS), sodium perfluoro-5-methylheptane sulfonate (P5MHpS; 5‒PFOS), and
sodium perfluoro-5-methylheptane sulfonate (P6MHpS; 6‒PFOS) were obtained from
Wellington Laboratories (Ontario, Canada). nZn0 (40 ~ 60 nm) was obtained from SkySpring
Nanomaterials, Inc. (Houston, TX). Sources of other chemicals and solvents used are provided in
Appendix C.

5.3.2 Batch experiments
Batch experiments were conducted to assess if 0.2 g nZn0 in 10-mL 0.4 mM VB12 can
transform technical PFOS (8 µM) at 22, 70, and 90°C and technical PFHxS (8 µM) at 70°C. The
potential for L‒PFOS removal in the absence of br-PFOS isomers was also assessed at 70°C. All
sample preparation and treatments were conducted in an anaerobic chamber (> 95% N2, < 5%
H2). High density 120-mL polyethylene (HDPE) crimp serum bottles were used; HDPE was
previously shown to have negligible adsorption of PFOS and PFHxS (Guelfo and Higgins,
2013). To each bottle, nZn0 (0.2 g) was added followed by 5 mL each of VB12 (0.8 mM) and
PFSA (16 µM) solutions. Bottles were capped with rubber stoppers sealed with aluminum crimp
caps and wrapped with aluminum foil to prevent light exposure. Samples were placed in a
preheated oven (70 & 90°C) or kept at room temperature (22 ± 0.5°C) under static conditions.
Initial pH (pHi) adjusted by 0.001 M NaOH and final pH (pHf) were measured before and at each
sampling time (1, 2, 3, 5, 7, 11, and 21 d for 22 and 70°C; 1, 2, 3, and 5 d for 90°C). Heated
samples were quickly cooled down to room temperature (22 ± 0.5°C) by placing them in ice
followed by centrifugation (1 h at 3,300 rpm; 2,042 g). The aqueous phase was transferred to a
50-mL polypropylene (PP) tube and the remaining solid particles were extracted 5 times
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successively with 15-mL of acidified methanol (10:90, v/v, 1% acetic acid/MeOH). No residual
PFSAs were detected in the 5th extraction. When discussing PFSA removal in this study, PFSAs
removal is defined as PFSAs not recovered after exhaustive extraction of nZn0. Therefore, %
PFSA was quantified by comparing the combined PFSAs mass in the aqueous phase and extracts
of nZn0 to the initial PFSA mass measured in the applied PFSA solution × 100.

5.3.3 Instrumental analysis
5.3.3.1 PFSA and isomer analysis
Aqueous phase samples were diluted 1:1 (v/v) with MeOH and solvent extracts were
diluted 1:1 (v/v) with water to reduce adsorption to HPLC vials, minimize matrix effects, and
optimize sensitivity. All samples were analyzed using a Shimadzu (Nexera x2) ultra-HPLC
(uPLC) with an AB Sciex Quadrupole Time of Flight (QTOF) 5600 mass spectrometer (MS)
(detailed in Appendix C). Immediately prior to analysis, 30 µL of IS was added to each HPLC
vial and used for quantification. PFSA isomer analysis was done using an Ascentis Express F5
PFP column (2.1 × 100 mm, 2.7 µm, 90 Å, Sigma-Aldrich) with a Phenomenex column pre-filter
(detailed in Appendix C). Retention times of the PFSA isomers were confirmed using
commercially-available individual PFSA isomer standards. The isomeric composition of
technical PFOS from Sigma-Aldrich used in the batch reactions was quantified using individual
isomer-specific calibration curves with M8PFOS IS correction (linear, r2 > 0.99). Percent isomer
compositions were calculated by the ratio of each isomer-specific concentration to total PFOS
concentration, which was determined by integration of all isomer peaks. The 3- and 4-PFOS
isomers were quantified together due to co-elution (Fig. C2A). Although we had a 1-PFOS
standard, the 1-PFOS peak was not well resolved from the dm-PFOS and 2-PFOS isomers with
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peaks being of low intensity and broad. Therefore, the difference between total isomers in
technical PFOS minus the isomers that were quantified independently provided estimates for the
sum of the other unspecified isomers. For PFHxS isomer analysis, only br‒ versus L‒ was
quantified in technical PFHxS using L‒PFHxS standard calibration curves with M3PFHxS IS
correction (linear, r2 > 0.99). The difference between total PFHxS concentration and L‒PFHxS
quantified independently was used as an estimated of the total br‒PFHxS isomers. A
chromatogram of br- and L-PFHxS peaks is exemplified in Fig. S2B. Estimated percent isomeric
compositions of technical PFOS and PFHxS, isomer-specific limits of detection (LOD) and
limits of quantification (LOQ) are reported in Table C1.

5.3.3.2 Identification of organic intermediates
Initial screening of any volatile organic intermediates or final products (herein
intermediates and final products will also be generically referred to as products) was performed
by pulling a headspace sample through the septa with a stainless steel needle attached to a 5-mL
disposable plastic syringe and directly injecting onto a Shimadzu 17A gas chromatograph (GC)
with an electron capture detector (ECD). For organic products in all aqueous samples and solvent
extracts of the nZn0 particles, undiluted samples were analyzed using an EVO C18 column (2.1 x
100 mm, 5 µm, 100 Å) with a Phenomenex column pre-filter coupled to a uPLC/QTOF MS
using three different methods for each corresponding purpose (detailed in Appendix C including
Table C2). Peaks were identified as potential organic product candidates only if peak intensities
of parent masses (m/z) in the samples were at least 10 times higher than those in the PFSAs stock
solution and matrix controls. The most feasible theoretical chemical formulas of the parent
masses observed were initially explored using PeakView/MasterView and then proposed using
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Chemdraw (ver.15, Perkin Elmer). To assess the validity of the proposed theoretical chemical
formulas, three steps were followed. First, the parent mass of candidates and the proposed
theoretical chemical formulas were compared by calculating the relative difference between their
masses referred to as a difference error (DE in ppm) as follows: (|candidate mass ‒ theoretical
mass)/(candidate mass)) × 1,000,000 ppm|). Second, the empirical candidate and theoretical
isotopes masses were also compared using the same DE calculation. If the DE of both the parent
candidate masses and their isotopes were less than 15 ppm, the samples were re-analyzed using a
product ion mode to trigger MS/MS spectra of the parent candidate mass using a higher collision
energy (CE of -30 or -50 kV) than normal CE (CE -10 kV). Third, product ions of the candidate
parent masses were compared with those of the theoretical fragments using DE. If calculated DE
of all product ions were also below 15 ppm, the candidate mass and proposed theoretical
chemical formulas was deemed a reasonable fit.

5.3.3.3 Inorganic products analysis
The generation of F‒ and/or SO32‒ was expected as products of PFSA transformation.
SO32– is not stable and rapidly oxidizes to SO42– when exposed to air (Aksύt et al., 1994; Park et
al., 2017) therefore, solutions were intentionally exposed to air to allow complete conversion to
SO42– prior to analysis of SO42–. F‒ and SO42‒ in aqueous samples along with PFSA stock
solutions and matrix controls were analyzed following EPA Method 300.0 (USEPA, 1993) on an
Agilent 1100 Ion Chromatograph coupled to an Alltech electroconductivity detector and using a
NaOH mobile phase. External standard curves and peak heights were used for quantification.
Background levels if any were subtracted from samples.
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5.3.4 Statistical analysis
Rates of PFSA isomer removal using all individual replicates were determined using a
linear regression model in Excel 2016 (p-value = 0.05). One-way analyses of variance were used
for all statistical analyses to determine the significant difference among the results at a p-value of
0.05.

5.4 Results and Discussion
5.4.1 PFOS removal and defluorination
Only br-PFOS isomers were removed and transformed by VB12-nZn0 similar to what
was found with VB12 and Ti-citrate (Ochoa-Herrera et al., 2008). Even when only the L‒PFOS
isomer was present, no removal was observed (101  7 % recovered, p = 0.2318, Fig. C3);
therefore, lack of L-PFOS removal is not due to a competitive effect in the multiple isomer
system (technical PFOS). Fluoride generation accompanied br-PFOS removal, but no sulfate
generation was observed. Loss of br-PFOS (%) relative to the total br-PFOS at t=0 and %
defluorination for reactions at 22 and 70°C and 90°C are summarized in Fig. 5.1 and Fig. C4.
Defluorination was calculated based on the moles of F- generated relative the total moles of Favailable from br-PFOS (17 moles of F- per mole of PFOS). As temperature increased, both br‒
PFOS isomer removal and defluorination increased. By 5 d at 90°C, 95% of br-PFOS was
removed with primarily 3&4-PFOS remaining (Fig. 5.2). The decrease in pH was also greater
with increasing temperature: pHf values of 10.2, 8.7, and 7.9 for reactions with PFOS at 22, 70
and 90°C, respectively, and 8.6 for PFHxS at 70°C. Co has a unique oxidation-dependent color
with Co(III) being red, Co(II) amber, and Co(I) light blue to colorless (LHcheM, 2012; Pratt,
1974). Sample solutions were red, amber, and very light yellow to colorless for 22, 70 and 90°C,
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respectively, thus evident of enhanced Co reduction with increasing temperature. The reduction
to super reduced Co(I) at 90°C may have been further facilitated by temperature-enhanced nZn0
corrosion to Zn2+ (Piippo et al., 1997). At 90°C, 3 d and 5 d samples were not statistically
different (p= 0.6343) and reflect 100% defluorination. However, several closely and partially coeluting unidentified peaks that increased with reaction time and temperature challenged
quantifying accurately F- concentrations especially at later times at 90°C (exemplified in Fig.
C5). Regardless, the trend of increasing F- concentration over time was consistent and clear.
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Figure 5.1. (A) % br-PFSA removal relative to total br-PFSA, and (B) % defluorination in VB12-nZn0 systems at different 22, 70, and
90°C for br-PFOS and 70°C for br-PFHxS in 10-mL 0.4 mM VB12 and 0.2 g nZn0 at pHi = 10.4. At 90°C, peak intensities < LOQ.
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5.4.2 PFOS Isomers-specific removal rates
Natural log plots of br-isomer removal relative to br-PFSA at t=0 over time at each
temperature (Fig. S4) reflect that only at 90°C does PFOS removal appear to follow a first-order
reaction; therefore, only the 90°C data were used to explore isomer-specific removal rates. Rates
were estimated using specific isomer concentration relative to initial isomer-specific
concentration for the time periods where concentrations were above LOQ (Table C1): 0-5 d for
3&4-PFOS, 0-3 d for 5-PFOS and 0-2 d for 6‒PFOS isomers (Fig. 5.2). 6‒PFOS removal was
the fastest followed by 5‒PFOS and 3&4‒PFOS with estimated rates (d-1) of -3.35  0.25, -1.39
 0.10, and -0.37  0.03, respectively, and no removal of L-PFOS was already noted. The
coeluting and three broad peaks, which contributed to the remaining unquantified br-isomers
decreased over time as well but to different extents (Fig. C6).
The isomer-specific properties that led to differences in their removal rates include their
spatial structure and electron density distribution, which can affect both their ability to complex
with VB12 and subsequent electron transfer. Branching within the PFOS molecule leads to
varying zones of electron density making it more polarizable facilitating complexation with
VB12. Based on density function theory, Torres et al. (2009) found 6-, 5- and 4- PFOS to have
the most accessible and localized lowest unoccupied molecular orbital (LUMO), thus making
them more reactive to an electron-rich species. The observed trend in isomer-specific removal
rates reflects a positive correlation with proximity of branching to the terminal CF3 group or an
inverse correlation with proximity to the sulfonate group. The CCC angle involving the branch
CF3 group are wider (≈115 °) compared to the CCCC for (CF2)3 as in L‒PFOS (109 to 110 °)
(Torres et al., 2009). This suggests that the absence of L-PFOS reactivity with VB12 is likely
due to the absence of electron density variation along the perfluoroalkyl chain and its helical
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structure (Torres et al, 2009; Campillo et al., 2010), which can electronically and sterically
hinder its ability to form complexes with VB12 regardless of the reductant used (e.g., Ti(III)
versus nZn0, etc.).
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Figure 5.2. Natural logarithm of the ratio between a specific PFOS isomer at a given time
relative to t=0 versus time for reactions in VB12-nZn0 at 90°C with 10-mL 0.4 mM VB12 and
0.2 g nZn0 and pHi = 10.4. Points are an average of 3 replicates and error bars not visible are hid
behind data points.
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5.4.3 PFHxS removal and defluorination
For PFHxS, only the br-isomers were degraded as observed for PFOS; however, brPFHxS removal trends and % defluorination appear much slower than for br-PFOS (Fig. 5.1,
Fig. C4). At 21 d and the same temperature (70ºC), only 45% removal and less than 40%
defluorination were observed for br-PFHxS compared to 95% removal and 65% defluorination
of br-PFOS. Similar trends were seen for defluorination of PFHxS compared to PFOS using UV
photolysis (Park et al., 2009).

5.4.4 Identification of organic intermediates/products for br-PFSAs defluorination and proposed
reaction pathways
For both PFOS and PFHxS samples (70ºC), organic intermediates/products generated in
reactions with VB12-nZn0 system were only observed in the aqueous phase. GC/ECD analysis of
the headspace samples did not reflect any halogenated compounds either. No significant
unknown peaks were observed in the LC/QTOF MS analysis of the nZn0 particle extracts either
even after concentrating approximately 5 times. In the aqueous phase, C8- and C7- based
polyfluorinated sulfonates were detected in the PFOS samples and C6- and C5- based
polyfluorinated sulfonates in the PFHxS samples (Table 5.1 and Table C3) with compounds that
reflect loss of CF or F‒ and replacement by H. The MS/MS fragments of organic
intermediates/products identified are summarized in Tables C4 and C5. Based on the generation
and peak intensity changes over time of the organic intermediates in the aqueous phase coupled
to trends in isomer-specific PFOS removal and F‒ generation, br‒PFOS and br‒PFHxS
defluorination pathways were proposed and structures exemplified using 6-PFOS and 4-PFHxS
as a starting isomer, respectively (Figs. 5.3 and 5.4).
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Initial PFOS intermediates identified include C8HF16SO3‒ (mass of 481; F replaced by H)
and C8H2F13SO3‒ (425; removal of 4 F atoms replaced by 2 H atoms and a C=C). C8HF16SO3‒
(481) intensity did not statistically change over time (p=0.4870) (Fig. 5.3a) indicating that it is a
final defluorination. Further defluorination of C8H2F13SO3‒ (425) is evident with a series of F
replacement by H (mass trend: 425→407→389→371→353→335) to C8H7F8SO3‒ (335). Peak
intensities of all the intermediates in the latter series decline over time (Fig. 5.3b, d, f, and h)
except for C8H4F11SO3‒ (389) which statistically does not change over time (p=0.1650, Fig. 5.3e)
and C8H6F9SO3‒ (353), which statistically increases over time (p= 0.0290, Fig. 5.3g). Based on
the other intermediates found and decreasing peak intensity of C8H7F8SO3‒ (335) over time (Fig.
5.3h), C8H7F8SO3‒ (335) appears to subsequently transform through two independent pathways:
(1) F replaced by H yielding C8H8F7SO3‒ (317) and (2) double bond formation with HF loss
yielding C8H6F7SO3‒ (315). Further F replacement by H for both C8H6F7SO3‒ (315) and
C8H8F7SO3‒ (317) generated C8H7F6SO3‒ (297) and C8H9F6SO3‒ (299), respectively, which both
appear to further transform. Although additional intermediates may be present that were not
identified; however, those detected reflect a loss of 11 to 12 F atoms, which translates to a
similar 65% defluorination measured from Br-PFOS loss and F- generation (Fig. 5.1B). Peak
intensities for C8H8F7SO3‒ (317) and C8H9F6SO3‒(299) were low contributing to large standard
deviations at later times (Fig. 5.3i and k). One C7-based molecule (C7HF16SO3‒, 393) was
identified for which the peak increased initially and plateaued with no statistically significant
decrease over time (p=0.1067) (Fig. 5.3c). No other C7 intermediates or shorter chain
compounds were identified with our screening approach, thus C7HF16SO3‒ (393) is also assumed
to be a final product, which is likely coming from C8H2F13SO3‒ (425) and/or C8HF12SO3‒ (407)
(dashed lines in Fig. 5.3).
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For br-PFHxS transformation, C6H2F9SO3‒ (325), C6H4F7SO3‒ (289) and C5HF8SO3‒
(293) were identified following a transformation pathway similar to what was observed for brPFOS. C6H2F9SO3‒ (325, removal of 4 F atoms replaced by 2 H atoms and a C=C double bond)
increased up to day 5 and then decreased to an apparent plateau (Fig. 5.4a) as it was transformed
through two pathways to C6H4F7SO3‒ (289) and C5HF8SO3‒ (293).
In summary, only br-isomers of PFOS and PFHxS were transformed and defluorinated
with VB12-nZn0 at elevated temperatures, not linear isomers, which dominate in the
environment. PFOS isomer-specific removal rates were positively correlated to the proximity of
branching to the terminal CF3 group or inversely correlated with the proximity to the sulfonate
group. The rates of br-PFHxS removal and defluorination were at least twice slower than brPFOS. Organic intermediates/products identified from br‒PFOS and br‒PFHxS defluorination
included C8‒ and C7‒ based polyfluorinated sulfonates and C6‒ and C5‒ based polyfluorinated
sulfonates, respectively. Pathways to intermediates and what appeared to be final products
included removal of 4 F atoms replaced by 2 H atoms and a C=C double bond as well as a series
of F replacement by H. Although a VB12-nZn0 system can effectively remove br-PFSAs, the
lack of L-PFSA transformation limits the usefulness of VB12 for groundwater remediation given
the dominance of L-PFSAs.
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Table 5.1 Masses found for intermediates/products of br-PFOS and br-PFHxS transformation in aqueous samples and their isotope
masses, theoretical masses, and the differences between the latter two reported as difference errors (DE).

Mass found

Theoretical
mass

DE on
Masses

Isotope mass
in samples

Theoretical
isotope mass

DE for
Isotope
Masses

Da

Da

ppm

Da

Da

ppm

C8H1F16SO3

480.9372

480.9396

5.0

481.9422

481.9430

1.7

C8H2F13SO3

424.9515

424.9523

1.9

425.9540

425.9556

3.8

C8H3F12SO3

406.9615

406.9617

0.6

407.9640

407.9650

2.5

C7H1F12SO3

392.9452

392.9450

0.5

393.9469

393.9494

6.3

C8H4F11SO3

388.9684

388.9711

6.9

389.9728

389.9745

4.4

C8H5F10SO3

370.9794

370.9805

3.0

371.9810

371.9839

7.8

C8H6F9SO3

352.9869

352.9899

8.5

353.9922

353.9933

3.1

C8H7F8SO3

334.9991

334.9994

0.9

336.9949

336.0027

5.1

C8H8F7SO3

317.0084

317.0088

1.0

318.0098

318.0121

7.2

C8H6F7SO3

314.9918

314.9931

4.1

315.9949

315.9965

5.1

C8H9F6SO3

299.0180

299.0182

0.7

300.0200

300.0216

5.3

C8H8F5SO3

279.0118

279.0120

0.7

280.0145

280.0153

2.9

C8H7F6SO3

297.0024

297.0026

0.8

298.0055

298.0059

1.3

C6H2F9SO3

324.9580

324.9586

1.8

325.9635

325.9560

6.7

C5HF8SO3

292.9515

292.9524

3.1

293.9565

293.9588

7.8

C6H4F7SO3

288.9770

288.9775

1.6

289.9781

289.9808

9.3

Chemical
Formula

PFOS

PFHxS
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Figure 5.3 A proposed br‒PFOS defluorination pathway based on observed mass (shown
parenthetically), MS/MS fragmentation, and peak intensities normalized of defluorination
intermediates normalized by the M8PFOS IS peak intensity in aqueous samples from 1 to
21-d. Structures shown with placement of double bonds formed and F‒ replacement by
H+ can vary for a given isomer and with different isomers.
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Figure 5.4 A proposed br‒PFHxS defluorination pathway based on observed mass (shown parenthetically), MS/MS fragmentation,
and normalized peak intensities of br‒PFHxS defluorination intermediates by M3PFHxS IS peaks (Ratio) in the aqueous samples from
1 to 21 d. Structures shown with placement of double bonds formed and F‒ replacement by H+ can vary for a given isomer and with
different isomers.
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6. EVALUATING THE USE OF CATALYSTS TO INDUCE OF PFOS
TRANSFORMATION IN PERMENGANATE SYSTEM

6.1 Abstract
Perfluorooctane sulfonate (PFOS) remains the most challenging per- and polyfluoroalkyl
acid (PFAA) to destroy in-situ. The few studies that have been done under conditions that have
potential to be used in-situ are limited and did not lead to the dominant linear isomer being
degraded or required low pH conditions. Here addition of catalysts RuCl3, NaHSO3, FeCl2, 2,2’azino-bis(3-ethyl-benzothiazonline)-6-sulfonate (ABTS) and microsized zero valent metals (e.g.,
mMg0, mZn0, and mFe0) to permanganate (PM) solutions were tested to see if PFOS
transformation including linear PFOS could be achieved. Reactivity was evaluated over 18 d at
65°C in pH 4.5 buffered and/or unbuffered initial pH ~6 solutions. With PM alone, no PFOS
removal was observed, which included systems: PM: PFOS ratio of 23 and 158 in both the
unbuffered solution and the phosphate buffered pH 4.5 solution (in range of 0~100 mM
phosphate concentrations applied). The soluble catalysts did not improve effectiveness under any
of conditions noted and PFOS was not removed. mMg0 and mFe0 resulted in minimal or
negligible PFOS removal in the unbuffered solution. Addition of mZn0 to PM showed 32 ± 9%
of PFOS removal at 18-d in the unbuffered solution; however, no F‒ or SO42‒ generation was
observed indicating no PFOS transformation. In mZn0 controls (no PM), only ~64% of PFOS
was recovered after exhaustive 6th extractions with minimal additional PFOS recovered after 6th
extractions. Thus, PFOS removal in mZn0 catalyzed PM systems is likely due to ‘adsorption of
PFOS’ onto the surface of Zn0-oxide/hydroxide formed during mZn0 corrosion and not due to
PFOS transformation.
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6.2 Introduction
Permanganate (PM, Mn(VII)O4‒) has been widely used as an oxidant for in-situ chemical
oxidation to remediate contaminated soil and wastewater due to its high reduction potential (E0 =
+1.51 V at acidic pH: MnO4‒ + 8H+ + 5e‒ → Mn2+ + 4H2O and +0.588 V at neutral pH: MnO4‒ +
2H2O + 3e‒ → MnO2 + 4OH‒ and at alkaline pH: MnO4‒ + e‒ → MnO42‒), low cost, comparative
stability, and ease of handling (Jiang et al., 2009). PM has been known to react with electron-rich
moieties through several reaction path ways, including electron exchange, hydrogen abstraction
and direct oxygen transfer (Waldmer et al., 2006). PM oxidation is governed by the pH of the
medium since the oxidation state of PM is pH-dependent. At neutral and alkaline pH, PM
oxidation reactions proceed primarily through intermediated complex formation between oxidant
and substrate (Halligudi et al., 2000a, Halligudi et al., 2000b; Jose et al., 2005; Kini et al., 2002;
Wiberg et al., 1973). In strong alkaline media (pH > 12), manganate [Mn(VI)O42‒] is produced
from PM via a direct one electron reduction or alkali-PM species [Mn(VII)O4·OH2‒] via a twoelectron reduction (Balado et al, 1992; Simandi et al., 1985; Timmanagoudar, et al., 1997).
Fawzy et al. (2014) and Mohanty et al. (2013) showed that [Mn(VII)O4·OH2‒] generated from
PM complex with substrates such as shown with anionic L-asparagine (Fawzy et al., 2014) and
anionic L-lysine (Mohanty et al, 2013), followed by one electron inner-sphere transfer leading to
rapid substrate oxidation (Fawzy et al., 2014, Mohanty et al., 2013). However, at PM (6.3 µM)
systems at 65°C, increasing pH resulted in decreasing PFOS decomposition rates with 47% of
PFOS (0.2 µM) degraded at pH 4.2 yielding 5 mol% F‒ and 37 mol% SO42‒ whereas only ~10%
of PFOS was degraded at pH 7.2 and none at pH 9.1 (Liu et al., 2012). This suggests that PFOS
decomposition may not occur through complexes with Mn(VI)O42‒ or alkali-PM species, but
appears more closely correlated to the oxidation potential of PM which increases at lower pH;
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the oxidation potential of PM decreases from 1.30 to 0.99 V with pH increases from 5.0 to 9.0
(Zhang et al., 2014) due to different forms of Mn formed at different pHs (Xu et al., 2015).
Fanga et al. (2016) also showed decomposition of ~100% of PFOS (200 µM) using potassium
PM under acidic conditions (0.1% KMnO4 + 0.36% HCl) at room temperature in 6 months with
generation of 2.5 mole% F‒ and 55 mole% SO42‒. The % PFOS transformed in both Liu et al.
(2012) and Fanga et al. (2016) is well above the ~30% branched (br-) isomers in the technical
PFOS they used (Park et al., 2017a; under review); therefore, linear (L-) PFOS must have also
been transformed. In addition, Fanga et al. (2016) showed chromatographically, the
disappearance of both L‒ and br‒PFOS isomers by PM under acidic pH conditions. Therefore,
the limitation to using PM in-situ appears to be the need for acidic conditions e.g., pH ≤ 4.2 (Liu
et al., 2012). To overcome the low pH requirement, we proposed using catalysts to enhance PM
reactivity at pH values more conducive to typical aquifer scenarios.
Transition metal catalysts have been shown to increase PM’s ability to transform other
compound classes over a range of pH values through different reaction pathways including
formation of complexes with reactants followed by oxidation, direct oxidation of the substrate,
and the formation of free radicals that attack the substrates. In recent years, metal ions such as
ruthenium [Ru(III)], chromium [Cr(II)], osmium [Os(VIII)], silver [Ag(I)], cobalt [Co(II)],
manganese [Mn(II)], copper [Cu(II)], nickel [Ni(II)], and zinc [Zn(II)] have been widely used as
catalysts to enhance oxidation-reduction reactions including in PM technologies, due to their
multiple oxidation states (Das, 2001).
Ru(III) has been shown to be an excellent catalyst for PM oxidation of amino acids (L‒
leucine, L‒isoleucine, and L‒arginine) (Halligudi et al., 2001; Kini et al., 2002), atenolol
(Hiremath et al., 2004) and D‒panthenol (Hosahalli et al., 2010) under strong alkaline condition
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(all cited compounds have anionic charges at high pH); amitriptyline-A tricyclic (weak base, pKa
= 4.75) antidepressant drug under strong acidic condition (Abbar et al, 2011); vanillin under near
neutral condition (Fawzy, 2016); and aniline (weak base, pKa = 4.87) in the pH range of 4 to 9
(Zhang et al., 2014). At pH > 12, Ru(III) is present primarily as hydroxylated Ru(III)
[Ru(H2O)5OH]2+ (Kini et al., 2002) leading to complexes with substrates (e.g., amino acid in
Fawzy et al., 2014), which can enhance electrons transfer (Duke and Parchen, 1956; Taube and
Myers, 1954; Wahl, 1960). In neutral or acidic pH conditions, Ru(III), was oxidized to Ru(VI)
and Ru(VII) by PM possessing higher oxidation potentials than PM which can then oxidize the
targeted substrate rapidly with the regeneration of Ru(III) (Zhang et al., 2014). Given that
addition of MnO2 to PM appeared to increase PFOS decomposition by ~ 10% with the largest
enhancement being observed at the lowest pH value (Liu et al., 2012), addition of Ru(III) to PM
is expected to enhance PFOS decomposition. Zhang et al. (2014) showed addition of Ru(III) (2.5
to 15 µM) to PM (50 µM) yielded MnO2 as a product leading to enhanced aniline (643 µM)
oxidation at pH 6 ~ 7 range. Also, Fawzy (2016) found Ru(III) to be more effective at oxidizing
vanillin than either Ag(I) or Co(II) under near neutral conditions.
Coupling bisulfite (NaHSO3) with PM may also hold promise for PFOS remediation
since bisulfite reduces PM generating soluble aquo and/or hydroxo‒ Mn(III), which is known to
be a strong one-electron oxidizing agent (Sun et al., 2015). Benzene in PM alone (50 µM) was
not oxidized even at high temperature (70°C); however, with the addition of bisulfite (500 µM)
rapid transformation of benzene (2,500 µM) to phenols occurred at room temperature over a pH
range of 4.5 to 8.0 (Sun et al., 2016). Thus, the Mn(III) produced likely served as a co-oxidant.
Zhang et al. (2013) showed the PM (100 µM) oxidation of bisphenol A (5 µM) at pH 7
(bisphenol A is neutral at pH 7) was enhanced by addition of Fe(II) (20 µM). Fe(II) serves as a
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dual role in PM systems: 1) oxidizing substrate directly, and 2) forming a complex with the
substrate enhancing electron transfer. Based on our previous Fe-PFOS complexation study in
Chapter 4, we knew that Fe(II) can form complexes with PFOS; therefore, addition of Fe(II) to
PM may enhance PM oxidation of PFOS transformation.
2,2’-azino-bis(3-ethyl-benzothiazonline)-6-sulfonate (ABTS), as a simple synthetic
electron shuttle, has been widely used as a redox mediator in enzymatic catalysis. Addition of
ABTS to PM greatly accelerated the oxidation of substituted phenols in the pH 5 ~ 9 range with
rates at the highest pH value where the phenols were primarily anionic being ~20 times faster
(Song et al., 2015). Whether ABTS could be used in in-situ would depend on its subsequent fate,
but evaluating it at the lab-scale may provide useful mechanistic information to improve PM
reactivity to PFOS with other catalysts that may be more environmentally friendly and
affordable.
Other catalysts which are more eco-friendly and inexpensive include zero valent metals
(ZVMs). PM will oxidize microsized ZVMs such as Mg0, Zn0, and Fe0 which have high
oxidation potentials to generate MnO2 which is expected to increase PFOS decomposition. Also,
PM will be reduced by ZVM to yield Mn(III), a strong oxidizing agent, which can form
complexes with PFOS leading to fast electron transfer.
This study seeks to evaluate if addition of various catalysts (RuCl3, NaHSO3, FeCl2, and
ABTS) included ZVM catalysts (microsized Zn0, Fe0, and Mg0) to PM can enhance PFOS
transformation compared to PM in near neutral (unbuffered) or pH 4.5 buffered solutions. Also,
PFOS removal was quantified as a function of PM:PFOS ratios under unbuffered initial pH ~6
condition and phosphate buffer concentration under pH 4.5 conditions. As expected products of
PFOS transformation, F‒ and SO42‒ were quantified in aqueous phase samples.
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6.3 Materials and Methods
6.3.1 Chemicals
Heptadecafluorooctane sulfonic acid potassium salt (PFOSK, C7F17SO3K, ≥ 98%) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). A mass-labelled sodium perfluoro-1[13C8] octane sulfonate for use as an internal standard (IS) (M8PFOS, 13C8F7SO3Na, > 99%) was
obtained from Wellington Laboratories (Ontario, Canada). Potassium permanganate (KMnO4, >
99%) and potassium phosphate, monobasic (KH2PO4, ≥ 99%) were obtained from J.T. Baker.
Ruthenium(III) chloride (RuCl3, anhydrous, 99%), sodium bisulfite (NaHSO3, ACS reagent
grade), and iron(II) chloride (FeCl2, anhydrous, 99%) were obtained from ACROS OrganicsTM.
2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, ≥ 98%) and hydroxylamine
hydrochloride (NH2OH•HCl, ≥ 99.99%) were obtained from Sigma-Aldrich. Solvents methanol
(MeOH, ACS grade, 99.9%), acetonitrile (ACN, ACS grade, > 99.8%), hydrochloric acid (HCl,
33~40%), and glacial acetic acid (> 99%) were obtained from Mallinckrodt Baker (Phillipsburg,
NJ).

6.3.2 Batch experiments
Batch experiments were conducted using 50-mL polypropylene (PP) centrifuge tubes,
which have been shown to have negligible sorption of PFAAs (Guelfo and Higgins, 2013). All
sample preparation and treatments were conducted under atmospheric conditions. PFOS
removal % in 18-d at 65°C was quantified at PM:PFOS ratios of 23 and 158 in an unbuffered
initial pH 6 solutions and with 0.2 µM PFOS:31.6 mM PM in buffered pH 4 solutions with
different phosphate buffer concentrations (0, 5, 20, 50 and 100 mM). Buffer solutions were
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prepared by adding pre-determined amounts of freshly prepared PFOS (20 mL; 0.2 or 1.4 µM)
and KMnO4 (20 mL; 31.6 µM) solutions into the phosphate buffer solution. For reaction with
RuCl3 (5 µM), NaHSO3 (150 µM), FeCl2 (20 µM), ABTS (5 µM), mZn0 (0.5 g/L), mcFe0 (0.5
g/L), and mMg0 (0.5 g/L), a pre-determined amount of catalyst was added to each sample. Initial
pH was measured. All samples and controls were placed in a pre-heated oven (65°C) and
maintained under a static condition. For kinetic studies, at designated times (1 or 3, 6, 9, 12, and
18 d), triplicate samples were sacrificed and placed in an ice box. When the temperature of
samples reached room temperature (22 ± 0.5°C), final pH was measured in all samples and
controls. Aliquots (20-mL) were taken and reactions were quenched by adding 200 µL of 0.1 M
of NH2OH·HCl. For samples with solid catalysts, tubes were centrifuged (30 min at 3,000 rpm;
2,040 g), solution removed and the remaining solid particles were extracted 5 ~ 6 times with 20
mL of acidified MeOH (9/1, v/v, 1% acetic acid/methanol). No PFOS was detected in the 5th
extract except for mZn0 samples, which required 6th extraction, in which minimal PFOS was
detected. All aqueous phase samples and extracts were stored to 4°C until analyses. PFOS
removal was quantified by the difference between the mass of PFOS measured in the samples
(aqueous phase and extracts of solid catalysts when present) and the concentration of PFOS in
the PFOS controls × 100.

6.3.3 Instrumental analyses
PFOS was quantified using a Shimadzu (Nexera x2) ultra-HPLC (uPLC) coupled to an
AB Sciex5600 Triple Quadrapole Time of Flight (QTOF) MS. Aqueous solutions and extracts
were diluted 1:1 with MeOH or with nanopure water, respectively to minimize adsorption of
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PFOS to HPLC vials and matrix effect. Immediately prior to analysis, 30 µL of M8PFOS IS was
added to each HPLC vial. External standard curves corrected with IS was used for quantification.
Quantification of PFOS was achieved using a Kinetex EVO C18 (2.1 × 100 mm, 5 µm,
100 Å) equipped with Phenomenex pre-column filter. The mobile phase consisted of 0.15%
acetic acid in water (solvent A) and 20 mM ammonium acetate in MeOH (solvent B) maintained
0.75 mL min-1 flow rate at 30°C. Gradient conditions were: 30% B for 0.20 min, 100% B by 1.70
min and maintained untill 4 min, followed by returning to 30% B by 6 min.
498.9305/98.945~98.980 for PFOS and 506.9305/98.945~98.980 for M8PFOS used were as. The
m/z of precursor ions and product ions used were, respectively. Method detection limit (MDL)
and method quantitation limit (MDQ) for PFOS were 0.1 ng/mL and 0.3 ng/mL, respectively.
The generation of F‒ and/or SO32‒ is expected from PFOS transformation. Once SO32‒ is
exposed to the air, it is immediately oxidized to SO42‒ (Park et al., 2017a); therefore, SO42‒ was
analyzed as a product of PFOS transformation. For quantitative F‒ and SO42‒ analysis, aqueous
samples along with working solutions and controls were analyzed using a Metrohm Ion
Chromatograph (IC) 850 equipped with a conductivity detector, chemical suppressor, eluent
degasser, autosampler and a Metrosep A sup 5 column (5 µm, 150 x 5.0 mm). The mobile phase
was 3.2 mM Na2CO3/1.0 mM NaHCO3 at a 0.70 mL min-1 and 30°C. External standard curves
were used for quantification of F‒ and SO42‒.
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6.4 Results and Discussion
6.4.1 PFOS removal% in PM alone system
No PFOS removal % was observed in 18 d at 65°C at either PM:PFOS ratio (23 and 158)
in an unbuffered initial pH ~6 solution. There was no statistical differences across time with
overall averages of ‒1.2 ± 6.0 % (Fig. 6.1, p=0.8627) and ‒5.8 ± 10.6 % (col.1 in table 6.2,
p=0.2097) for PM:PFOS ratios of 23 and 158, respectively. PM has been known to react with
organic molecules via electron transfer requiring more than one MnO4‒ per one organic molecule
(He, et al., 2010). However, in this study, excess amount of PM per PFOS mole did not
transform PFOS.
Liu et al. (2012) showed the co-existence of MnO2 with PM enhanced PFOS oxidation in
a phosphate-buffered pH 4.2 solution, but the concentration of phosphate buffer they used was
not provided. Waldemer (2004) showed that the generation of colloidal MnO2 from PM can be
inhibited depending the concentration of phosphate buffer used. Therefore, we investigated if
phosphate buffer concentration can affect the degree of PFOS removal ([PFOS]o =0.2 µM) in
PM systems (31.6 µM) under buffered pH 4.5 system for 18 d at 65°C. Again and contradictory
to Liu et al., (2012), minimal to negligible PFOS removal over 18 d was observed (Table 6.1).
MnO2 precipitation was observed in all solutions except the highest phosphate buffer
concentration (100 mM) applied system. Therefore, to ensure particles did not lead to errors in
PFOS quantitation, samples were filtered using polypropylene Whatman syringe filter (13 mm
I.D., pore size 0.2 µm) and re-analyzed. However, no difference on the mass of PFOS measured
was observed between unfiltered and filtered samples. This also means that negligible adsorption
of PFOS onto MnO2 precipitates occurred.
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Table 6.1 PFOS removal % observed using PM alone system in different phosphate (KH2PO4) concentrations buffered at pH 4.5 at
65°C system ([PFOS]o= 0.2 µM, [KMnO4]o= 31.6 µM, temperature= 65°C)
Time
(d)

0 mM KH2PO4

5 mM KH2PO4

20 mM KH2PO4

50 mM KH2PO4

100 mM KH2PO4

PFOS removal %

PFOS removal %

PFOS removal %

PFOS removal %

PFOS removal %

Avg

SD

Avg

SD

Avg

SD

Avg

SD

Avg

SD

1

-0.1

1.6

-2.4

0.8

-0.2

0.3

-0.7

2.4

-2.1

4.6

2

-2.5

1.3

3.9

6.4

-3.3

1.8

-1.9

1.7

0.4

2.1

3

1.4

2.7

-0.8

1.2

-1.8

1.6

-1.0

5.6

-3.4

3.1

6

-6.7

3.2

2.6

2.6

0.1

0.8

-2.6

2.5

-4.2

3.8

12

-3.0

7.5

5.3

0.3

0.8

1.3

-2.8

4.3

0.3

1.6

18

1.0

2.0

3.3

0.6

-4.5

0.2

2.7

3.5

-3.9

0.3

Avg ± SD

-1.7

4.2

2.0

3.7

-1.5

2.2

-1.1

3.6

-2.2

3.1

p-value

0.1427

0.0501

0.0007

0.4830

0.2624
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6.4.2 Effect of various catalyst additions to PM on PFOS removal
The addition of various catalysts RuCl3, NaHSO3, FeCl2, and ABTS to PM on PFOS
removal was assessed for an 18-d period at 65°C in unbuffered solutions (initial pH= ~6). No
PFOS removal was observed over 18-d period in any assessed systems, thus indicating no effect
of addition of various catalysts to PM on PFOS removal (Table 6.2).
Table 6.2 PFOS removal% using PM alone system or various catalyzed PM systems for 18-d in
unbuffered ~6 pH solution ([PFOS]o= 0.2 µM, [KMnO4]o= 31.6 µM, [RuCl3]= 5 µM,
[NaHSO3]= 150 µM, [FeCl2]= 20 µM, [ABTS]= 5 µM, temperature= 65°C).
PM alone
Time
(d)

PFOS removal
%
Avg
SD

PM with
RuCl3
PFOS removal
%
Avg
SD

PM with
NaHSO3
PFOS removal
%
Avg
SD

PM with FeCl2
PFOS removal
%
Avg
SD

PM with
ABTS
PFOS removal
%
Avg
SD

3

4.2

4.7

7.0

4.0

‒3.8

10.2

1.5

1.4

‒1.8

5.2

6

‒4.9

5.9

‒5.9

5.8

‒1.7

6.2

‒0.6

4.7

1.4

4.3

12

‒13.6

15.4

‒1.4

3.5

5.3

1.9

0.1

3.7

0.2

3.5

18
Avg ±
SD
Final
pH
pvalue

‒9.0

8.3

‒3.2

1.8

5.3

2.3

‒7.1

6.8

‒5.8

3.8

‒5.8

10.6

‒0.9

6.1

1.3

6.8

‒1.5

5.2

‒1.5

4.6

7.6

7.7

3.4

7.6

7.7

0.2090

0.0218

0.2303

0.1809

0.2527

PFOS removal using RuCl3, NaHSO3, and ABTS with PM systems was also quantified in
a 50 mM of phosphate buffered solution at pH 4.5 for 18-d and at 65°C, however, minimal PFOS
removal was observed (Table 6.3).
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Table 6.3 PFOS removal % using PM alone system or addition of various catalysts (e.g., RuCl3,
NaHSO3, and ABTS) in PM systems for 18-d in 50 mM phosphate buffered at pH 4.5.
([PFOS]o= 0.2 µM, [KMnO4]o= 31.6 µM, [RuCl3]= 5 µM, [NaHSO3]= 150 µM, [ABTS]= 5 µM,
temperature= 65°C).
Time
(d)

PM alone

PM with RuCl3

PM with NaHSO3

PM with ABTS

PFOS removal %

PFOS removal %

PFOS removal %

PFOS removal %

Avg

SD

Avg

SD

Avg

SD

Avg

SD

3

‒9.4

4.8

‒3.2

5.5

‒6.1

6.9

4.6

5.0

6

‒5.3

7.6

‒2.2

6.8

3.8

2.3

9.4

4.2

12

‒5.1

8.7

3.2

2.5

‒0.8

3.6

5.3

3.9

18
Avg ±
SD
p-value

‒6.5

0.6

3.1

1.5

‒4.0

2.0

2.0

4.5

‒6.6

5.6

0.2

5.0

‒1.8

5.3

5.4

4.7

0.8243

0.2570

0.0843

0.3006

Of the ZVM catalysts assessed with PM, only mZn0 showed enhanced PFOS removal
with 32 ± 9% PFOS removed by 18 d (Fig. 6.1). PM with mMg0 and mFe0 did not show any
PFOS removal during the 18-d period. In the mZn0-PM controls at 18-d (no PM), only ~64% of
PFOS could be recovered after exhaustive extractions (6th extractions) with very minimal PFOS
recovered after the 6th extraction whereas complete PFOS recovery was achieved in other metal
controls. Also, no F‒ or SO42‒ generation was observed in any system including with mZn0. Final
pH of mZn0 with PM was >10, thus most Zn may be present as Zn(OH)+ or Zn(OH)2. Lin et al.
(2015) showed that zinc hydroxide flocs generated from the sacrificial anode showed great
potential to remove PFOS via adsorption. Liu et al. (2015) showed that ~100% PFOS adsorbed
onto Zn-hydroxide flocs in 5 min. Therefore, PFOS removal observed in mZn0 with PM system
is also assumed to be due to ‘strong adsorption’ of PFOS onto the surface of Zn0oxide/hydroxide formed and not PFOS transformation. Mn has unique colors depending on its
oxidation state. The color of the aqueous phase samples at 18 d were amber (PM), colorless (PM
+ mMg0), colorless (PM + mZn0), and amber (PM + mFe0), indicating that the presence of
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Mn(IV) (amber) in PM alone and PM with mFe0 and Mn(II) (colorless) in PM with mMg0 and
mZn0. Since, no PFOS transformation was observed in any of these systems, Mn(IV) and Mn(II)
generated from Mn(VII) in PM do not facilitate PFOS transformation nor the presence of MnO2
precipitate.

Figure 6.1 PFOS removal % using PM alone or mZVM (e.g., mMg0, mZn0, and mFe0) catalyzed
PM systems for 18-d ([PFOS]o= 1.4 µM, [KMnO4]o= 31.6 µM, [mMg0 or mZn0 or mFe0]= 0.5
g/L, temperature= 65°C, pH= unbuffered ~6).
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6.5 Conclusions and Implications
No PFOS transformation was observed by PM at 65°C over 18 d as a function of
PM:PFOS ratio (23 and 158) and phosphate buffer concentrations (0 ~ 100 mM) at pH 4.5. Also,
no PFOS transformation was observed at 65°C over 18 d with the addition various catalysts
RuCl3, NaHSO3, FeCl2, ABTS, mMg0 and mFe0 to PM in either an unbuffered initial pH ~6
solutions or 50 mM phosphate buffered pH 4.5 solution except for mZn0 system. In the presence
of mZn0, although ~32 ± 9% of PFOS removal was observed, no products were generated, thus it
appeared to be due to ‘adsorption of PFOS. To date, two papers showed ~37% and 100 % of
PFOS removal at 65°C under phosphate buffered pH 4.2 systems over an 18-d period and at
22°C for 6 months at pH <1, respectively, which contradict my results. Therefore, future work is
needed to explore what factors may lead to PFOS transformation using PM-based technologies.
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7. CONCLUSIONS AND FUTURE WORK

7.1 Conclusions
Aqueous film forming foams (AFFFs) consisting of per- and polyfluoroalkyl acids
(PFAAs) were commonly and repeatedly used at military bases and airports for emergency
personnel training for more than 30 years. This activity resulted in frequent occurrences of
PFAAs above regulatory levels at these sites. Given the persistence of PFAAs and the inability
of microbes to degrade them, this Ph.D study focused on a lab-scale exploration of 4 potential
abiotic in-situ amenable technologies for the remediation of groundwater contaminated by
PFAAs. Remediation strategies included (1) heat-activated persulfate (PS), (2) Pd0/nFe0
nanoparticles (NPs), (3) vitamin B12 (VB12) with nanosized zero valent zinc (nZn0), and (4)
permanganate (PM) oxidation which were evaluated for perfluorooctane sulfonate (PFOS), and
in some cases, also perfluorooctanoic acid (PFOA), perfluorohexane sulfonate (PFHxS), and/or
6:2 fluorotelomer sulfonate (6:2 FTSA). The effectiveness of each technology was determined
by quantifying PFAA removal and identifying products of PFAA transformation. In the process
of exploring the causes for apparent PFOS removal observed in Pd0/nFe0 NP systems, potential
complexation of PFOS and other PFAAs with Fe(II/III) and ‘strong adsorption’ of PFOS onto
the surface of Pd0/nFe0 were also studied.
Removal and defluorination of branch (br-) PFOS and PFHxS isomers using VB12 with
nZn0 were quantified at different temperatures. Organic intermediates resulting from the
defluorination of the br-isomers were identified and feasible reaction pathways proposed. The
major findings of this study are:
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1. Heat-activated PS technology successfully oxidized PFOA at 30~60°C to shorter
chain perfluorocarboxylic acids (PFCAs) and F‒. Also, 6:2 FTSA was oxidized to
PFCAs and F‒ using heat-activated PS at 40°C with oxidation of the ethyl linkage
(~25%) and CF2-CH2 bond (~75%) simultaneously. The effectiveness of heatactivated PS on PFOA oxidation was reduced in a soil-slurry system due to the
presence of competing reactions with soil organic matter; therefore, repeated PS
injection is required for in-situ use. No PFOS removal was observed even at a higher
temperature (90°C) and higher amount PS concentrations (84 mM). Most AFFFcontaminated sites have PFOS along with PFOA and 6:2 FTSA; therefore, heatactivated PS alone would not be sufficient to clean up most AFFF-contaminated sites.
2. Pd0/nFe0 NPs was found unable to transform PFOS under conditions amenable for insitu remediation. PFOS removal was observed under some conditions at the first
sampling time (6 days) even with exhaustive extractions; however, at 21 days, all
PFOS initially applied was essentially all recovered. PFOS removal observed at early
times was found to be due to strong adsorption onto Fe(OH)3 formed via nFe0
corrosion with subsequent release of PFOS over time occurred with conversion of
Fe(OH)3 to less sorptive FeO(OH).
3. In probing the reasons for apparent but temporary removal of PFOS in Pd0/Fe0
systems, it was hypothesized that PFOS complexation with Fe(II/III) could be
occurring as Fe0 corrosion released soluble Fe causing PFOS concentrations to be
overestimated. PFOS as well as other PFAAs were found to form complexes with
dissolved Fe(II/III) ions leading to a reduction in their quantifiable levels.
Complexation was much greater with Fe(III) compared to Fe(II) and higher PFAA-
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Fe(III) complexation was observed with increasing PFAA alkyl chain length. Also the
carboxylates complexed more than the sulfonates for a perfluorocarbon chain length,
e.g., perfluorononanoic acid complexed more than PFOS, which both have 8
perfluorocarbons. However, under anaerobic conditions, Fe(II) is the dominant ion
and dissolved Fe concentrations were not sufficient in the Pd0/Fe0 studies conducted
to cause significant PFOS complexation.
4. VB12 with nZn0 defluorinates only br-PFOS and br-PFHxS. No transformation of the
linear isomer was observed. As temperature increased, both removal and
defluorination of br-PFOS increased. For br-PFOS isomers removal, 6-PFOS was
fastest removed, then followed by 5-, 3&4-, and 1-dm isomers. The rates of br-PFOS
removal were positively correlated to the proximity of branch CF3 to the terminal CF3
group or inversely correlated to the proximity of branch CF3 to the functional SO3‒
group. Removal and defluorination of br-PFHxS was slower than for br-PFOS. We
hypothesized that isomer-specific and PFSA-specific differences in electron density
distribution and steric hindrances directly affect complexation with vitamin B12
(VB12), which precedes electron transfer.
5. In the evaluation of organic intermediates/products in the VB12-nZn0 at 70°C, C8and C7- based and C6- and C5- based polyfluorinated sulfonates were identified in
aqueous phase samples from br-PFOS and br-PFHxS defluorination, respectively.
Based on normalized peaks intensities of the organic intermediates, the pathway that
appeared evident included replacement of 4 F atoms 2 H atoms with a double bond
formation and serial replacement of F by H.
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6. PM was ineffective in transforming PFOS over an 18-day period at 65°C in both
buffered pH 4.5 and unbuffered pH 6 solutions. This result is contradictory to Liu et
al. (2012) who reported ~47% of PFOS removal in 18 days at pH 4.2 and 65°C with
5% mole F‒ and 37% mole SO42‒ generated.
7. Addition of catalysts (Ru(III), NaHSO3, Fe(II), 2,2’-azino-bis(3-ethylbenzothiazonline)-6-sulfonate, microsized zero valent Mg, and Fe) in buffered pH 4.5
and unbuffered pH 6 PM solutions at 65°C did not lead to PFOS transformation. With
the addition of microsize zero valent Zn (Zn0) to PM, 32 ± 9% PFOS removal was
observed at 65°C at 18-d; however, no generation of F‒ or SO42‒ was observed.
Therefore, removal in the presence of Zn0 is hypothesized to be due to low extraction
recovery caused by strong adsorption of PFOS onto Zn0-oxide/hydroxide formed and
not PFOS transformation.

7.2 Future work
The current study has provided insight into 4 technologies that were considered to have
in-situ use potential for transformation of PFOA, 6:2 FTSA, PFOS and PFHxS isomers.
However, none of the technologies explored degraded linear PFSA isomers. From this work, the
need for additional research becomes apparent as itemized below:
1. In Chapter 4, although PFOS as well as other PFAAs were found to form complexes
with Fe(II/III) leading to a reduction in their quantifiable levels, how this may affect
PFAA quantitation in real groundwater systems, which can be high in Fe needs to be
evaluated. Also details on the mechanism of PFAA-Fe(II/III) should be explored to
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better understand how PFAAs interact with both dissolved Fe and Fe-oxides as well
as other oxides.
2. In Chapter 5, we hypothesized that differences in electron density distribution for
each PFSA isomer and steric hindrances directly affects complexation with vitamin
B12 (VB12), which precedes electron transfer. While several computational studies
have been conducted on spatial orientation and energetics of different PFOS isomers,
values and structures reported are not all in agreement and application to what
remediation strategies may work, has not been explored. Also little to no
computational work has been done on other PFAAs, which could aid in a
comparative validation of what has been reported for PFOS and in some cases for
PFOA.
3. Based on organic intermediates/products identified from br-PFSA defluorination in
VB12-nZn0 systems give insight into what may be expected. Further research is
needed on studying fate and transport of defluorination intermediates/products to
minimize unintended consequences to design further remediation technologies.
Results also suggest that the use of treatment trains will be needed to remediate
PFAA-contaminated sites.
4. For permanganate (PM) study, other researchers (Fanga et al., 2016; Liu et al., 2012)
and engineering consulting firms have utilized PM-based technology such as
Scisors® for PFAAs destruction including PFOS which is contradictory to the
results presented in Chapter 6. Therefore, exploring what factors are significant to
invoke PFAA decomposition in a PM-based system and potential artifacts are
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necessary to gain clarity on the process involved and its effectiveness under more
environmentally relevant conditions.
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APPENDIX A.

Supplemental Information: Heat-activated persulfate oxidation of PFOA, 6:2 Fluorotelomer
Sulfonate, and PFOS Under Conditions Suitable for In-Situ Remediation of Groundwater

LC/MS/MS Analysis
Table A1. Mass Transitions Monitored
F– analysis by F-specific electrode
Figure A1. PFOA oxidation in BTEX co-contaminants present
Figure A2. Change pH over time with 4.2 to 84 mM NaS2O8 at 50ºC
Figure A3. Effect of PFOA initial concentration and addition of Ethyl benzene
Table A2. PFCAs and F‒ at 31 h reported in terms of µmol F‒
Figure A4. 6:2 FTSA oxidation products at 40°C
Figure A5. No PFOS oxidation in 84 mM at 90°C
Figure A6. PFOA oxidation pathway using the KinGUii modeling program (pathway 1)
Figure A7. PFOA oxidation pathway using the KinGUii modeling program (pathway 2)
Figure A8. 6:2 FTSA oxidation pathway using the KinGUii modeling program
Table A3. Summary of the goodness of fits (R2) from KinGUii fitting of the data
Figure A9. KinGUii fits to the data for 6:2 FTSA heat-activated NaS2O8 oxidation (pathway 1)
Figure A10. KinGUii fits to the data for 6:2 FTSA heat-activated NaS2O8 oxidation (modified
pathway)
References
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LC/MS/MS Analysis
PFOA, PFOS 6:2 FTSA and short chain PFCAs (C4, C5, C6, C7) were separated through Agilent Zorbax Rx-C8 column
(2.1 mm × 150 mm, 5 µm, Agilent Technologies, Santa Clara, CA) at 5 µL injection volume with a 0.15% acetic
acid/acetonitrile mobile phase. The gradient started at 5% acetonitrile, ramped to 50% in 0.75 min and 80% in 4.25 min,
maintained for 2.75 min, and returned to 5% acetonitrile at 7.1 min using a flow rate of 0.4 mL min-1. The running time
for all compounds was required 11 min. An additional column was RSpak JJ-50 2D (2.0 × 150 mm length, 5 µm, Shodex,
Showa Denko K.K., Kawasaki, Japan) for C2 and C3. The mobile phases were 50 mM ammonium acetate aqueous
(solution A) and MeOH (solution B) with 10 µL injection volume and a mobile composition of 20/80 (v/v) at a flow rate
of 0.3 mL min-1. The running time of 50 min was necessary was to detect C2 and C3. The multiple reaction monitoring
(MRM) were monitored under negative electrospray ionization for each compound (Table A1).
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Table A1. Mass Transitions Monitored
MQL
(ng/g)

CAS
Number

4.3

13

375-22-4

499>99

n.d.

n.d.

F(CF2)6CH2CH2SO3

427>81

n.d.

n.d.

2706-90-3
27619-972

Perfluoroheptanoic acid

CF3(CF2)5COOH

363>319

1

3

2795-39-3

PFHxA (C6)

Perfluorohexanoic acid

CF3(CF2)4COOH

313>269

1.9

5.7

307-24-4

PFPeA (C5)

Perfluoropentanoic acid

CF3(CF2)3COOH

263>219

1

3

2706-90-3

PFBuA (C4)

Perfluorobutanoic acid
Pentafluoropropionic
acid

CF3(CF2)2COOH

213>169

1

3

375-22-4

CF3(CF2)COOH

163>119

n.d.

n.d.

422-64-0

Trifluoroacetic acid

CF3COOH

113>69

n.d.

n.d.

76-05-1

Abbreviation

Transition MDL
Monitored (ng/g)

Chemical Name

Chemical formula
CF3(CF2)6COOH

413>369

CF3(CF2)7SOOOH

6:2 FTSA

Perfluorooctanoic acid
Perfluoroctanesulfonic
acid
6:2 Fluorotelomer
sulfonate

PFHpA (C7)

PFOA (C8)
PFOS

PFPrA (C3)
TFA (C2)

Source
Fluka, St. Louis,
MO
Aldrich, St. Louis,
MO
SynQuest, Alachua,
FL
Aldrich, St. Louis,
MO
Fluka, St. Louis,
MO
Aldrich, St. Louis,
MO
Fluka, St. Louis,
MO
Aldrich, St. Louis,
MO
Aldrich, St. Louis,
MO
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F– analysis by F-specific electrode
For low concentration of F– measurement (< 0.4 ppm), it requires to prepare ionic
strength adjustment buffer (ISA). To prepare ISA buffer, add 2 L distilled water into 4 L beaker
and then 57 mL of glacial acetic acid and 58 g sodium chloride were added. While this solution
was mixing with the magnetic stirrer, pH was measured. Then, 5 M NaOH was slowly added
until the pH was approaching 5.25. After that, the solution was cooled down and fill with
distilled water up to 4 L.10 ppm F– standard solution was prepared by diluting 1000 ppm F–
solution which should be mixed with ISA with 1:1 (v/v). The standard curve was made by
increment of the addition amount of 10 ppm F– standard solution to the mixture of 50 mL of
distilled water and 50 mL ISA. And samples also should be mixed with ISA with 1:1 ratio (v/v).
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Control
Toluene

Benzene
Ethylbenzene

PFOA (µg/L)

120
100
80
60
40
20
0
0.00

2.00

Time

4.00

6.00

Figure A1. The PFOA degradation (100 µg/L, 0.242 µM) with benzene, toluene, ethylbenzcene
or xylenes (BTEX) individually (100 µg/L) with 42 mM Na2S2O8 at 50°C with no pH
adjustments
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Figure A2. Changes in pH over time for increasing amounts of NaS2O8 from 1,000 to 20,000
mg/L (4.2 - 84 mM) at 50°C and with 0.242 µM PFOA with no pH adjustments.

Figure A3. Effect of initial PFOA concentrations of 0.121 ‒ 6.04 µM (50 ‒ 2,500 µg/L) and the
addition of 9.434 µM ethylbenzene (1,000 µg/L).
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Table A2. PFCAs in µmol C and µmol F- at 31 hr
Carbon mass balance: PFCAs in µmol C at t = 31 h
Total
form
PFCAs

CTot/Cinitia

1.48

5.9

61.4

6.96

28.9

58.7

PFOA
(µM)

PFOA
t=0

PFOA

TFA

PFBA

PFPeA

PFHxA

PFHpA

1.208

9.60

0.76

0.61

0.79

0.91

6.039

49.21

3.38

1.34
6.89

3.39

3.95

4.32

l

%

Fluoride mass balance: PFCAs in µmol Fat t=31 h
PFO
A
(µM)

PFO
A
t=0

PFO
A

1.208

18.00

1.43

TFA

PFB
A

PFPe
A

PFHx
A

PFHp
A

Total
from
PFCA
s

1.07

1.42

1.67

2.75

8.34

5.93

7.12

7.93

12.93

40.24

F-

Total
F
µmol

FTot/
Finitial
%

17.3

96.1
100.
7

6.72
34.4

6.039

92.26

6.33

0.14

2.24
18.2
1

92.9

6:2 FtS
PFOA

Concentration (µM)

0.12

PFHpA
PFHxA

0.10

PFPeA
PFBA

0.08
0.06
0.04
0.02
0.00
0

50

Time (hr)

100

150

Figure A4. 6:2 FTSA (0.215 M) degradation with 42 mM Na2S2O8 at 40°C with no pH
adjustment.
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Figure A5. PFOS (1.1 µM) degradation with 84 mM Na2S2O8 at 90°C with no pH adjustment.

Modeling with KinGUii.
Breakdown pathways were explored using Kinetic Graphic User Interface (KinGUII) v2.1
modeling program, which is an R package mkin for performing kinetic evaluations and designed
specifically for determining kinetic parameters from environmental fate studies (Boesten et al.,
2006). Iteratively Reweighted Least Squares (IRLS) was used for simulation optimization. All
reactions were assumed to follow simple 1st order kinetics. All reactions were considered
irreversible. For each step, sinks are allowed to exist per selection by the user (exemplified in
Figures A6, A7, and A8). Sinks represent bound residues and unidentified or unquantified
metabolites/pathways. Additional details on this modeling package can be found in Boesten et al.
(2006) and the user manual by Meyer and Witt (2015).
Using a modeling approach (KinGUii), we were able to further explore how well the straight
unzipping pathway (each product is one CF2 unit smaller in chain length, so n-1) exemplified in
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Figure A6) fit the pH-unadjusted heat-activated persulfate oxidation of PFOA and 6:2 FTSA.
The alternate pathway allowed the parent PFAS to transform to both n-1 and n-1 perfluoroalkyl
products (exemplified in Figure A7) based on the visual observation that loss of PFHpA often
times did not match well to the increase in PFHxA. In all cases the initial concentration of PFOA
or 6:2 FTSA was fixed based on known controls and no sinks were allowed for any metabolite
except for the last measured perfluoroalkyl product in the product profile (Figures A6, A7, and
A8), which in most cases is PFBA but in some cases was PFTA when quantified. Table A3
summarizes the goodness of fits (R2) for PFOA and 6:2 FTSA invoking different oxidation
pathways. KinGuii fits to the 6:2 FTSA data resulting from invoking straight n-1 decreases in the
C-chain length are shown in Figure A9 and for allowing n-1 and n-2 oxidation for 6:2 FTSA
shown in Figure A10.
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Figure A6. Example of PFOA oxidation pathway set up in the KinGUii modeling program for
straight unzipping (n-1 decrease in C-chain length, pathway 1 in Table A2).
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Figure A7. Example of PFOA oxidation pathway set up in the KinGUii modeling program for n1 and n-2 decrease in C-chain length (pathway 2 in Table A2).
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Figure A8. Example of 6:2 FTSA oxidation pathway in the KinGUii modeling program for (A)
n-1 (pathway 1 in Table A2) and (B) n-1 and n-2 (pathway 2* in the Table A2) decreases in Cchain length for 6:2 FTSA.
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Figure A9. KinGuii fits to the data for 6:2 FTSA heat-activated persulfate oxidation (42 µM 40°C) assuming Pathway 1 of
straight n-1 CF2 unzipping (See Table A2)
142
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Figure A10. KinGuii fits to the data for 6:2 FTSA heat-activated persulfate oxidation (42 µM 40°C) assuming 6:2 FTSA
simultaneously oxidizes to both PFHpA and PFHxA followed by n-1 products for oxidation of all subsequent oxidation
products (See table A2).
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APPENDIX B.

Supplemental Information: Perfluorooctane sulfonate (PFOS) Removal with Pd0/nFe0
Nanoparticles: Adsorption or Aqueous Fe-complexation, Not Transformation?

Instrumental analysis
Identification of Fe(III)-PFOS complex masses
Table B1. Summarized MS/MS parameters
Table B2. Summary table for the found masses of PFOS-Fe(III) complexes
Figure B1. Oxidation of sulfite to sulfate
Figure B2. XPS analysis of Pd onto Pd0/nFe0 NPs
Figure B3. Adsorption of F- and SO42- on Pd0/nFe0 NPs
Figure B4. PFOS recovery % from Fe(III) complexation by competing ligands
Figure B5A, B. XRD analysis of Pd0/nFe0 NPs sample at 0 , 6, and 21 d at 45°C when initial pH
= 3.6. (Rep 1 and 3)
Figure B6A, B. XRD analysis of Pd0/nFe0 NPs at 22°C and initial pH 3.6 (Reps 1, 2, and 3)
Figure B7. (A) XPS for Pd0/Fe0 NPs surface from 45C sample at 6-d; and for reference Fe2O3
(B) Fig.5 and Fe0.94O (C) Fig. 11 from Yamashita and Hayes (2008).
Schikorr reaction equations
References
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INSTRUMENTAL ANALYSIS
Chemicals
Perfluorobutanoic acid (PFBA, C3F7COOH, 98 %), perfluoropentanoic acid (PFPeA,
C4F9COOH, 98%), perfluorohexanoic acid (PFHxA, C5F11COOH, 98%), perfluoroheptanoic
acid (PFHpA, C6F13COOH, 98%), perfluorooctanoic aid (PFOA, C7F15COOH, 98%),
perfluorononanoic acid (PFNA, C8F17COOH, 97 %), potassium nonafluoro-1-butanesulfonate
(PFBSK, C4F9SO3K, 98 %), tridecafluorohexane-1-sulfonic acid potassium salt (PFHxSK,
C6F13SO3K, PFHxS, ≥ 98 %) and heptadecafluorooctane sulfonic acid potassium salt (PFOSK,
C7F17SO3K, ≥ 98 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A masslabelled sodium perfluoro-1-[13C8] octanesulfonate (M8PFOS, 13C8F17SO3Na > 99 %) and a
mixture of mass-labelled perfluoroalkylcarboxylic acids and mass-labeled perfluoroalkyl
sulfonates (MPFAC-MXA) which included perfluorinated acids C4, C6, C8, C9, C10, C11, C12 and
perfluoroalkylsulfonates (C6 and C8) were obtained from Wellington Laboratories (Ontario,
Canada) for use as an internal standard (IS). nFe0 < 25 nm particles were obtained from
SkySpring Nanomaterials, Inc. (Houston, TX, USA). Palladium acetate (Pd(C2H3O2)2, 99.98 %
metals basis) was obtained from Alfa Aesar (Ward Hill, MA). Ferric chloride (FeCl3·6H2O,
99 %), ferrous chloride (FeCl2, 99 %) and ethylenediaminetetraacetic acid (EDTA, 99.4100.6 %) were obtained from Sigma-Aldrich. Solvents acetone (ACS grade), methanol (MeOH,
ACS grade, 99.9 %), acetonitrile (ACN, ACS grade, > 99.8 %), hydrochloric acid (HCl, 3340 %), and glacial acetic acid (> 99 %) were obtained from Mallinckrodt Baker (Phillipsburg,
NJ). Anhydrous sodium hydroxide (NaOH) and potassium hydroxide (KOH) obtained from
Fisher Science were used.
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HPLC/MS/MS and QTOF MS analyses
All samples were analyzed using a Shimadzu high performance reverse-phase liquid
chromatography (HPLC) system coupled to a Sciex API3000 mass spectrometry used in with the
negative electrospray ionization mode (ESI/MS/MS) or a Shimadzu (Nexera x2) ultra-HPLC
(uPLC) coupled to an AB Sciex5600 Triple Quadrapole Time of Flight (QTOF) MS. All Pd/nFe
samples and the effect of Fe concentration on Fe-PFOS complexes were analyzed using the
QTOF. PFOS-Fe complexation as a function of pH and Fe(III) complexation with the other
PFAAs were analyzed using the API3000. Choices were based on system availability.
Quantification of PFOS in all aqueous phase and extracts samples was achieved using an
Agilent Zorbax Rx-C8 (2.1 x 150 mm, 5 µm, Agilent Technologies, Santa Clara, CA, USA) at 5
µL injection volume with 0.15 % acetic acid in water (solvent A)/acetonitrile (solvent B) mobile
phase. The gradient started at 5 % acetonitrile, ramped to 50 % in 0.75 min and 80 % in 4.25
min, maintained for 2.75 min, and returned to 5 % acetonitrile at 7.1 min using a flow rate of 0.4
mL min-1. 499/99 and 507/99 were used as multiple reaction monitoring of PFOS and M8PFOS,
respectively (PFOS: MDL 4.3 ng/g, MQL 13 ng/g). The running time for all compounds was
required 11 min. When ToF/MS/MS used, quantification of PFOS was achieved using a Kinetex
EVO C18 (2.1 × 100 mm, 5 µm, 100 Å) equipped with Phenomenex AF0-8497 filter. The
mobile phase consisted of 0.15 % acetic acid in water (solvent A) and 20 mM ammonium acetate
in MeOH (solvent B) maintained 0.750 mL min-1 flow rate at 30 °C. Gradient conditions were:
30 % B for 0.20 min, 100 % B by 1.70 min maintained till 4.00 min, then 30 % B by 6.00 min
for equilibration. 498.9305/98.945~98.980 for PFOS and 506.9305/98.945~98.980 for M8PFOS
were used (PFOS: MDL 0.1 ng/ml, MQL 0.3 ng/ml). MS/MS instrument parameters summarized
in Table B1.
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Table. B1. Summary of MS/MS instrument parameters.

a

Parameters

MS/MS

Parameters

QTOF
-ESI

QTOF
+ESIb

Declustering Potential
Focusing Potential
Entrance Potential
Collision Energy
Collision Cell Exit
Potential

-40.0
-200.0
-10.0
-40.0

Declustering Potential
Ion Release Delay
Ion Release Width
Collision Energy

-80.0a
33
13
-55.0

100.0
67
25
30.0

-15.0

Collision Energy Spread

5.0

5.0

Nebulizer Gas
Curtain Gas
Collision Gas

11
10
5

40
40
25

30
30
25

IonSpray Voltage

-4500.0

Ion Source Gas 1
Ion Source Gas 2
Curtain Gas
IonSpray Voltage
Floating

-4300a

4500

Temperature

400

510a

400

Temperature (C)

In an attempt to enhance declustering of PFOS-Fe complexes, the declustering potential was set
to -300, IonSpray voltage floating to -4500, and temperature to 600 for a subset of samples.
b
A subset of the PFOS-Fe complexation samples were run in positive electrospray full scan mode
using these parameters.
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Identification of Fe(III)-PFOS complex masses
To identify the potential masses of Fe(III)-PFOS, the aqueous Fe(III)-PFOS samples,
matrix control (the presence of Fe(III)), and PFOS stock solution (the absence of Fe(III) were
analyzed using QTOF positive full scans mode (m/z 30~1100) with information dependent
acquisition (IDA) mode. For QTOF full scans in positive ESI of aqueous solutions with PFOSFe(III) complexes, a Kinetex EVO C18 (2.1 × 100 mm, 5 µm, 100 Å) equipped with
Phenomenex AF0-8497 filter was used. The mobile phase consisted of 2 mM ethanolamine in
90:10 v/v water: MeOH (solvent A) and 2 mM ethanolamine in ACN (solvent B) maintained
0.20 mL min-1 flow rate at 30 °C. Gradient conditions were: 20 % B for 0.50 min, 100 % B by
17.0 min maintained till 25.0 min, then 20 % B by 25.5 min maintaining until 30.0 min for
equilibrium. The injection volume was 50 µL, and nanopure water (a blank) was inserted
between each injection to avoid carry over. The MS parameters of the method is summarized in
Table B1. In this method, the number of candidate ions monitored per cycle was 10, and former
target ions were excluded for 30 seconds after 2 occurrences to maximize the number of MS/MS
scans. If the peak intensities of the parent masses (m/z) found in the samples were at least 10
times higher than those in the PFOS applied stock solution and Fe(III) matrix control, they were
considered as candidates of Fe(III)-PFOS complex masses. To trigger MS/MS spectra of
potential masses of Fe(III)-PFOS (parent masses of the candidates of Fe(III)-PFOS complexes),
the aqueous samples were re-analyzed using the same QTOF positive full scan in IDA mode
with m/z values of targeted candidate ions of Fe(III)-PFOS (precursor ions m/z) in the list for
triggering MS/MS spectra. A publicly available R-based program was used to facilitate detecting
isotope, adduct and homologue relations data (https://CRAN.R-project.org/package=nontarget).
Numerous adducts with various combinations of mobile phase components (methanol,
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acetonitrile, water and ethanolamine) and common cations (H+, Na+ and K+) were considered.
There are three potential masses of Fe(III)-PFOS complexes found in the samples: 1056.9202,
761.0158 and 790.9170. From the latter two masses, a progressive loss of 82.003 m/z was
observed and both have the same pattern of MS/MS spectra (Table B2): (1) 761.0158 →
679.0132 → 597.0101 → 515.0072 → 433.0043 → 351.0010 → 268.9981 → 186.9947 →
104.9923; and (2) 790.9170 → 708.9154 → 626.9112. Although we could not identify what
chemical formula will be masses of 761.0158 and 790.9170, one likely candidate for the 82.003
m/z is CF2=CH.
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Table B2. Summary of candidate masses found in the PFOS-Fe(III) complex samples compared to Fe(III)Cl3 only and PFOS
only controls (n.d.= not detected)

Found
mass

Retentio
n time
(min)

Fe(III)PFOS
complex
sample

Fe(III)matrix
control

Sample
/Fe(III)
matrix
control

PFOS
control

Sample/
PFOS
control

Intensity

Intensity

Ratio

Intensity

Ratio

104.9923
186.9947

2.65
2.66

33962
27559

114
128

298
215

16
6

2123
4593

268.9981

2.67

90976

120

758

168

542

351.0010

2.67

19264

62

311

64

301

433.0044

2.68

32522

244

133

122

267

515.0072

2.68

23364

555

42

1167

20

597.0101

2.69

11749

208

56

354

33

679.0132

2.70

3257

123

26

234

14

761.0158

2.68

1322

110

12

67

20

626.9112

2.70

9132

128

71

120

76

708.9154

2.73

4640

62

75

65

71

790.9170
534.9980

2.72
2.77

592
298540

69
283

9
1055

118
354

5
843

537.8792

0.54

1011314

168

6020

50

20226

569.9044
1056.920
2

0.54

68257

120

569

61

2.68

1536

60

26

116

MS/MS fragments

77.0428
98.9872
105.0315

105.0371
104.9937
104.9931

169.0839
104.6676

187.0948
186.9095

186.9943
186.4023

104.9931
269.0532
104.9926
351.0008
186.9949
186.9949

104.6640
279.0521
104.6614
433.3169
268.9983
269.0000

181.0801
351.0022
177.1089
433.0059
351.0026
351.0020

186.9948

268.1528

186.9959

268.9993

433.0044
433.0044

515.0074
515.0059

186.9937
515.0302
186.9922
514.9918
217.0811
186.9939

269.0008
597.0059
268.9964
597.0116
269.0015
269.0006

246.9528
679.0186
292.9549
679.0241
544.9061
381.0913

433.0219

432.9961

350.9992
761.0207

433.0019

433.0043

544.9105

186.9947

268.9986

244.9483

708.9432

708.8991

245.8915
478.8661

304.9049
505.8910

360.8420

376.8360

419.8534

1119

51.0265
83.0844
38.9695
269.1389
104.6677
268.9990
89.0592
312.9823
104.9922
104.9919
597.0016
98.9171
515.0068
104.9925
515.0105
104.992
104.9929
626.9156
104.9932
n.d.
186.8772
435.8486
n.d.

13

522.9212

534.9913

536.9465

539.9694
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OXIDATION OF SULFITE (SO32–) TO SULFATE (SO42–)
10 mg/L of SO32- and SO42- stock solutions were prepared using Na2SO3 and Na2SO4
with18 MΩ cm water in the anaerobic chamber. 1 mL of SO32- stock solution was transferred to
a HPLC vial and 0.5 mL of SO32- and 0.5 mL of SO42- stock solutions were added together to a
HPLC vial in the chamber. Then, these samples were analyzed using IC immediately after
bringing them out from the chamber. Chromatograms in samples in which only SO32- was added
showed twot peaks 0 hr after a brief exposure exposure to air, which were identified as SO32- and
SO42- (Fig. B1a). After 20 hr exposure to the air, this sample showed only SO42- peak (Fig. S1b)
exemplifying rapid oxidation of SO42- once exposed to the air. Tusnogai (1971) also showed that
SO32- in deionized water was easily oxidized to SO42- via a first order reaction (0.009/hr).

Figure B1. Oxidation of SO32- to SO42- after exposure to air (stock of [SO32-] = 10 ppm, stock of
[SO42-]= 10 ppm, T= 22°C). (a) SO32- solution at 0 hr; and (b) SO32- solution at 20 h.
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XRD and XPS analyses
X-ray diffraction (XRD) measurements used to characterize iron oxides forming on the
Pd0/nFe0 particles over time were done using a copper Kα radiation producing X-ray with a
wavelength of 1.54056 Å on a diffracted-beam monochromator (Philips Electronic Instrument
Co., Mahwah, NJ) with a scanning angle (2θ) ranging from 2 to 80 ° at steps of 0.0334 ° scanned
at 240.030 s per step with scan speed 0.01768 °s-1. X-ray photoelectron spectroscopy (XPS) (a
Kratos Axis Ultra spectrometer) analysis was conducted to confirm that Pd was deposited on the
synthesized Pd0/nFe0 and to identify the charge of Fe on the surface of Pd0/nFe0 (Fig. B2). XPS
measurements were carried out using a monochoromatic Al Kα source (1486.6 eV) and Ag L

CPS x 10-1

(2984.3 eV) anodes were used.

Binding Energy

Figure B2. XPS analysis of Pd onto the surface of synthesized Pd0/nFe0.
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Adsorption and extraction of fluoride and sulfate onto Pd0/nFe0 NPs
Batch experiments for adsorption and extraction of F– and SO42– were conducted using
50-mL of PP centrifuge tubes. F– and SO42–solutions were prepared using NaF and Na2SO4 with
18 MΩ water to achieve desired F- and SO42- concentrations if which 10 mL was added to
freshly synthesized Pd0/nFe0 NPs (1.0% of Pd and 0.2 g nFe0) in an anaerobic chamber. Samples
were mixed an end of end rotary (100 rpm) for 24 h and centrifuged for 30 min at 3,300 rpm to
collect solid and aqueous phase separately. The initial pH was 7.0 (unadjusted) and the pH after
24 h was 8.7. The increase in pH reflects exchange of surface bound OH-. The aqueous samples
along with working solutions were analyzed using IC to know the degree of adsorption of F– and
SO42– onto 1.0 % of Pd/nFe0 NPs (0.2 g). Juang and Wu (2002) and Rietra et al. (2000) showed
that as the pH of solution was increased, the decreased adsorption of anions was observed.
Buykx et al. (2004) showed ~100 % recovery for F- and SO42- from soil with 1 M NaOH;
therefore, we used 1 M NaOH to extract adsorbed F- and SO42- from Pd0/nFe0 NPs. The solid
Pd0/nFe0 NPs were extracted twice with 10 mL of 1 M NaOH solution for 24 h each time. After
each extraction, the samples were centrifuged 30 min at 3,300 rpm (2,042 g) to collect aqueous
extracts, which were analyzed separately for F– and SO42– using IC.
F– adsorption was nonlinear with % F- adsorbed being lower at the higher initial
concentration; 32 ± 2 % of F- adsorbed from 20.5 µM of F– and 14 ± 1 % from 36 µM of F–,
respectively (Fig B4). In bisolute systems of F– and SO42– (F– = 16 µM and SO42– = 9 µM), F–
adsorption was small (3 ± 3 %) while approximately 70 % of SO42- was adsorbed. Two
sequential extractions of Pd0/nFe0 NPs with 1 M NaOH were not able to extract the adsorbed F–
and SO42–.
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Figure B3. Adsorption of F– and SO42– onto 1.0 % of Pd/nFe0 NPs (0.2 g) after 24 h.

Figure B4. PFOS recovery % from Fe(III) complexation by competing ligands ([PFOS]o= 6.6
µM, [FeCl3] = 89.5 µM, Reaction time = 24 h, T = 22 ± 0.5°C, competing ligands= OH‒ and pH
unadjusted EDTA (6 mM)).
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Figure B5. XRD analysis of Pd0/nFe0 NPs sample at 0 d, 6 d, and 21 d at 45 °C with initial pH =

3.6 for (A) Rep 1 and (B) 3
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Figure B6. XRD analysis of Pd0/nFe0 NPs sample at 0 d, 6 d, and 21 d at 22 °C with initial pH =
3.2 for (A) Rep 1 and (B) rep 3.
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Figure B7. (A) XPS for Pd0/Fe0 surface from 45 C sample at 6-d; and for reference Fe2O3 (B)
Fig.5 and Fe0.94O (C) Fig. 11 from Yamashita and Hayes (2008).
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Schikorr reaction equations (Schikorr, 1929( (Eqs. B1~ B4e). Eq. B1, B2, B3, and B4c are the
same as Eq. 3, 4, 5, and 6 in the main.
3Fe2+ + 2H2O → Fe2+ + 2Fe3+ + H2 + 2OH‒

Eq. (B1)

Fe2+ + 2OH‒ → Fe(OH)2

Eq. (B2)

Fe3+ + 3OH‒ → Fe(OH)3

Eq. (B3)

3Fe(OH)2 + 2H2O → (FeO + H2O) + (Fe2O3 + 3H2O) + H2

Eq. (B4a)

3Fe(OH)2 + 2H2O → FeO + Fe2O3 + 4H2O + H2

Eq. (B4b)

3Fe(OH)2 → FeO + Fe2O3 + 2H2O + H2

Eq. (B4c)

3Fe(OH)2 → (FeO•Fe2O3) + 2H2O + H2

Eq. (B4d)

3Fe(OH)2 → (Fe3O4) + 2H2O + H2

Eq. (B4e)
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APPENDIX C.

Supplemental Information: Organic Defluorination Products, Pathways, and Branched-isomer
Specific Transformation Rates for C8 and C6 Perfluoroalkyl Sulfonates with Vitamin B12nanoZn0

Figure C1. Structure and nomenclature of PFOS isomers
Chemicals and Instrumental Analysis
Figure C2. Chromatographs of PFOS and PFHxS isomers
Table C1. Quantified % of isomers composition of PFOS and PFHxS obtained from Sigma
Table C2. Summarized parameters for uPLC/QTOF/MS used
Figure C3. L-PFOS removal % vs reaction
Figure C4. ln[br-PFHxS]t/ln[br-PFHxS]o vs reaction time
Figure C5. Example ion chromatograms for F- exemplifying
Figure C6. Example LC/QTOF MS chromatograms exemplifying decreasing peak intensities for
the unidentified isomers over time
Table C3. Masses found of intermediates/products of br-PFSAs at 21 d
Table C4. Product ions masses of br-PFOS intermediates
Table C5. Product ions masses of br-PFHxS intermediates
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Figure C1. Structures of PFOS isomers. For dimethyl PFOS (dm-PFOS) an example structure is
shown; other variations are possible.

Chemicals
Acetone (ACS grade, ≥ 99.5 %), methanol (MeOH, ACS grade, 99.9 %), acetonitrile
(ACN, ACS grade, > 99.8 %), glacial acetic acid (CH3COOH, > 99 %), ammonium acetate
(CH3COONH4, 100 %), sodium carbonate (Na2CO3, 99 ~100 %) and sodium bicarbonate
(NaHCO3, 99 ~100 %) were obtained from Mallinckrodt Baker (Phillipsburg, NJ). Anhydrous
sodium hydroxide (NaOH) and potassium hydroxide (KOH) obtained from Fisher Science were
used.
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Instrumental analysis
PFSAs analysis including isomers and identification of organic intermediates
When HPLC/MS/MS was used, PFOS was analyzed through an Agilent Zorbax Rx-C8
(2.1 × 150 mm, 5 µm, Agilent Technologies, Santa Clara, CA, USA) using a 5 µL injection
volume with 0.15 % acetic acid in water (solvent A) and ACN (solvent B) as mobile phase. The
gradient started at 5 % ACN, ramped to 50 % in 0.75 min and 80 % in 4.25 min, maintained for
2.75 min, and returned to 5 % ACN at 7.1 min using a flow rate of 0.4 mL min-1. For LCQTOF/MS, PFOS and PFHxS were analyzed using a Kinetex EVO C18 (2.1 × 100 mm, 5 µm,
100 Å) equipped with a Phenomenex column pre-filter. The mobile phase consisted of 0.15 %
acetic acid in water (solvent A) and 20 mM ammonium acetate in MeOH (solvent B), and
maintained at a 0.75 mL min-1 flow rate and 30 °C. Gradient conditions were: 30 % B for 0.2
min, 100 % B by 1.7 min maintained till 4 min, then 2 min at 30 % B for equilibration. For
separation and quantification of PFOS and PFHxS isomers, an Ascentis Express F5 PFP column
(2.1 × 100 mm, 2.7 µm, 90 Å, Sigma-Aldrich) equipped with a Phenomenex column pre-filter
was used (Fig.S2 A&B). The mobile phase consisted of 0.15 % acetic acid in water (solvent A)
and MeOH (solvent B) maintained at 0.25 mL min-1 and 30 °C. Gradient conditions were: 10 %
B for 1 min, 60 % B by 3 min, 88 % B by 14 min, 100 % B by 14.5 min, then 10 % B for 6.5 min
for equilibration (Benskin et al., 2012).

163

Figure C2. A) Chromatographs of PFOS isomers in PFOS standard (obtained from Sigmaaldrich), B) Chromatographs of PFHxS isomers in PFHxS standard (obtained from Sigmaaldrich).

Table C1. % composition quantified for individual isomers in PFOS and PFHxS obtained
Sigma-Aldrich using characterized standards obtained from Wellington.

SigmaAldrich
PFOS (%)

LOD
(µg/L)

LOQ
(µg/L)

L-PFOS

68.1 ± 1.6

1.3

4.1

6-PFOS

10.0 ± 0.3

1.9

5.9

5-PFOS

5.6 ± 0.1

1.2

3.8

3 & 4-PFOS
Other
isomers

8.2 ± 0.8

1.7

5.1

8.1 ± 0.9

--

--

SUM

100.0

SigmaAldrich
PFHxS
(%)
L-PFHxS
brPFHxS

LOD
(µg/L

)

LOQ
(µg/L)

78.2 ± 1.6

1.4

4.4

21.8 ± 1.6

1.1

3.1

100.0

LOD (limits of detection), LOQ (limits of quantitation)

To identify unknown organic intermediates of br-PFSAs defluorination, three different methods
were used accordingly using LC-QTOF equipped with EVO C18 column (2.1 x 100 mm, 5 µm,
100 Å). The LC conditions were common to the 3 methods. The mobile phases used were 0.15 %
acetic acid in water (solvent A) and 20 mM ammonium acetate in MeOH (solvent B) maintained
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at a 0.2 mL min-1 flow rate and 30 °C. Gradient conditions were: 20 % B for 0.5 min, 100 % B
by 17 min maintained till 20 min, then 20 % B by 20.5 and maintain until 25.0 min for
equilibration. The injection volume was 50 µL, and solvent blank was injected between each
sample to avoid carry over. The MS parameters of the three methods are summarized in Table
S2. The first ToF method (full scan using ESI- from 30 to 500 m/z) with information dependent
acquisition (IDA) was used to identify unknown intermediates in aqueous phase and solvent
extracts of samples. In this method, the number of candidate ions monitored per cycle was 8, and
former target ions were excluded for 30 seconds after 5 occurrences to allow a maximum of
MS/MS scans. Dynamic background subtract was used as it provided more MS/MS spectra of
peaks of interest. Rolling collision energy (CE) was used to provide as many peaks as possible in
the MS/MS spectra to ease with identification. In order to confirm the identification of potential
organic intermediates in the samples, they were re-analyzed using the second method. The only
differences with the first method were the fixed collision energies (CE-30 or CE-50) and having
m/z of targeted candidate ions (precursor ions) in the include list to trigger MS/MS spectra of
potential intermediates precursor ions whose MS/MS spectra were not triggered previously.
After MS/MS spectra of intermediates were triggered, in order to monitor the change of
intermediates’ peak intensities over time (21-d) to explore the reaction pathway of br‒PFSAs
defluorination, the aqueous samples over 21-d were re-analyzed using a Product Ion method
(third method), which had the same MS parameters as the previous methods but by selecting
specific precursor ions to increase the sensitivity of MS/MS spectra.
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Table C2. Summarized parameters using uPLC/QTOF for each method
1) First method (QTOF with IDA)
MS and MS/MS range (m/z): 100-1100, Cycle: 2581
QToF MS(-)
Product Ion (-) IDA
Source/Gas
Compound
Source/Gas
Compound
GS1
30
DP
-100
GS1
30
DP
-100
rollin
GS2
30
CE
-10
GS2
30
CE
g CE
CUR
25
CUR
25
CES
5
TEM
400
TEM
400
IRD
67
ISVF -4500
ISVF -4500 IRW
25
2) Second method (QTOF with IDA)
MS and MS/MS range (m/z): 30-500, Cycle: 1173
QToF MS(-)
Product Ion (-) IDA
Source/Gas
Compound
Source/Gas
Compound
GS1
30
DP
-100 GS1
30
DP
-100
GS2
30
CE
-10
GS2
30
CE
-50 or -30
CUR
25
CUR
25
CES
0
TEM 400
TEM 400
IRD
67
ISVF
ISVF
IRW
25
4500
4500
3) Third method (Product ion mode)
MS and MS/MS range (m/z): 30-500, Cycle: 1233
QToF MS(-)
Product Ion (-)
Source/Gas
Compound
Source/Gas
Compound
GS1
30
DP
-100
GS1
30
DP
-100
GS2
30
CE
-10
GS2
30
CE
-50
CUR
25
CUR
25
CES
0
TEM) 400
TEM
400
IRD
67
ISVF -4500
ISVF -4500 IRW
25
*GS1 (Ion Source Gas1,psi), GS2 (Ion Source Gas 2, psi), CUR (Curtain Gas, psi), TEM (Temperature, °C), ISVF
(IonSpray Voltage Floating, V), DP (Declustering Potential, V), CE (Collision Energy, kV), CES (Collision Energy
Spread, kV), IRD (Ion Release Delay), IRW (Ion Release Width)
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Figure C3. L-PFOS removal using VB12-nZn0 at 70°C. ([L-PFOS]0 = 0.4 µM, [VB12] = 0.4
mM, [nZn0] = 0.2 g/10 mL, pHi = 10.4)

Figure C4. Natural logarithm of the concentration ratio of br-PFSAs at each time relative to total
br-PFSAs at t=0 in 10-mL 0.4 mM VB12 and 0.2 g nZn0 at T= 70°C and pHi= 10.4.
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Figure C5. Example ion chromatograms for F- for (A) D1-1 at 90°C, (2) D5-1 at 90°C. Peak
height and not peak areas were used for quantitation.
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Figure C6. Example LC/QTOF MS chromatograms exemplifying decreasing peak
intensities for the unspecified isomers over time. Line at intensity 100 is for reference to
facilitate comparison. The different peaks decrease at different rates over time.
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Table C3. Masses found for intermediates/products of br-PFOS and br-PFHxS transformation in aqueous samples and their
isotope masses, theoretical masses, and their differences reported as difference errors (DE). Example intensities provided are for a
replicate at 21 days for each PFSA.
Found mass
in the
samples

Theoretical
mass

DE on
MS

Isotope
mass
detected in
samples

Isotope of
theoretical
mass

DE on
Isotope

Intensity in
samples

Intensity in
PFSAs
working
solution

Intensity
in matrix
control

Da

Da

ppm

Da

Da

ppm

C8H1F16SO3

480.9372

480.9396

5.0

481.9422

481.9430

1.7

12869

742

n.d.

C8H2F13SO3

424.9515

424.9523

1.9

425.9540

425.9556

3.8

13429

431

n.d.

C8H3F12SO3

406.9615

406.9617

0.6

407.9640

407.9650

2.5

1484

n.d

n.d

C7H1F12SO3

392.9452

392.9450

0.5

393.9469

393.9494

6.3

66948

546

n.d.

C8H4F11SO3

388.9684

388.9711

6.9

389.9728

389.9745

4.4

151894

225

n.d.

C8H5F10SO3

370.9794

370.9805

3.0

371.9810

371.9839

7.8

16146

203

n.d.

C8H6F9SO3

352.9869

352.9899

8.5

353.9922

353.9933

3.1

79047

113

n.d.

C8H7F8SO3

334.9991

334.9994

0.9

336.9949

336.0027

5.1

80106

385

373

C8H8F7SO3

317.0084

317.0088

1.0

318.0098

318.0121

7.2

1659

n.d.

n.d.

C8H6F7SO3

314.9918

314.9931

4.1

315.9949

315.9965

5.1

69543

118

n.d.

C8H9F6SO3

299.0180

299.0182

0.7

300.0200

300.0216

5.3

3217

n.d

n.d

C8H8F5SO3

279.0118

279.0120

0.7

280.0145

280.0153

2.9

1487

n.d

n.d

C8H7F6SO3

297.0024

297.0026

0.8

298.0055

298.0059

1.3

6166

n.d

n.d

C6H2F9SO3

324.9580

324.9586

1.8

325.9635

325.9560

6.7

6389

83

148

C5HF8SO3

292.9515

292.9524

3.1

293.9565

293.9588

7.8

17694

216

144

C6H4F7SO3

288.9770

288.9775

1.6

289.9781

289.9808

9.3

6300

390

79

Chemical
Formula
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Table C4. Product ions massof br-PFOS transformation intermediates detected in the aqueous samples and theoretical masses of
fragments, and their difference error (ppm).
Formula

C8H7F6SO3‒
(297.0024)

C8H7F6SO3‒
(279.0118)

MS/MS
MS/MS fragments
found in the samples

79.9582

256.9919

276.9932

Theoretical
fragments formula

SO3‒

C8H5F4SO

C8H6F5SO

3

3

Theoretical
fragments MS/MS

79.9574

256.9901

276.9963

DE (ppm)

10.0

7.0

11.1

MS/MS fragments
found in the samples

79.9585

259.0068

Theoretical
fragments formula

SO3‒

C8H5F4SO

Theoretical
fragments MS/MS

79.9574

259.0058

DE (ppm)

13.7

3.8

‒

‒

‒

3

MS/MS fragments
found in the samples
C8H9F6SO3‒
(299.0180)

Theoretical
fragments formula
Theoretical
fragments MS/MS

MS/MS not triggered due to low intensity

DE (ppm)

C8H6F7SO3‒
(314.9918)

MS/MS fragments
found in the samples

79.9582

98.9564

163.0164

274.9803

294.9869

Theoretical
fragments formula

SO3‒

FSO3‒

C7H3F4‒

C8H4F3SO

C8H5F6SO

3

‒

‒

3
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C8H8F7SO3‒
(317.0084)

C8H7F8SO3‒
(334.9991)

C8H6F9SO3‒
(352. 9869)

C8H5F10SO3
(370.9794))

‒

Theoretical
fragments MS/MS

79.9574

98.9558

163.0176

274.9807

294.9869

DE (ppm)

10.0

6.1

7.4

1.5

0

MS/MS fragments
found in the samples

79.9563

Theoretical
fragments formula

SO3‒

Theoretical
fragments MS/MS

79.9574

DE (ppm)

13

MS/MS fragments
found in the samples

79.9583

98.9563

314.9920

Theoretical
fragments formula

SO3‒

FSO3‒

C8H6F7SO

Theoretical
fragments MS/MS

79.9574

98.9558

314.9931

DE (ppm)

11.3

5.1

3.5

MS/MS fragments
found in the samples

79.9581

98.9566

129.9541

143.0123

173.0010

229.9475

Theoretical
fragments formula

SO3‒

FSO3‒

CF2SO3‒

C4H3F4O‒

C5H2F5O‒

C3F6SO3‒

Theoretical
fragments MS/MS

79.9574

98.9558

129.9542

143.0126

173.0031

229.9478

DE (ppm)

8.8

8.1

0.8

2.1

12.1

1.3

MS/MS fragments
found in the samples

79.9580

95.9568

140.9951

231.0035

279.9429

Theoretical
fragments formula

SO3‒

FSO3‒

CHF4O‒

C8H2F7‒

C4F8SO3‒

Theoretical
fragments MS/MS

79.9574

98.9558

140.9969

231.0050

279.9446

3

‒

171
181

172

C8H4F11SO3
‒ (388.9684)

C7HF12SO3‒
(392.9452)

C8H‒

3F12SO3

(406.9615)

C8H2F13SO3
‒ (424.9515)

9.5

10.1

12.8

6.5

6.1

MS/MS fragments
found in the samples

79.9584

98.9568

129.9539

169.0072

178.9917

198.9982

228.9887

248.995
0

269.0016

279.9441

Theoretical
fragments formula

SO3‒

FSO3‒

CF2SO3‒

C6H2F5‒

C4HF6O3‒

C7HF6‒

C5HF8O‒

C8HF8‒

C8H2F9‒

C4F8SO3‒

Theoretical
fragments MS/MS

79.9574

98.9558

129.9542

169.0082

178.9937

198.9988

228.9905

248.995
6

269.0018

279.9446

0.7

1.8

DE (ppm)

12.5

10.1

2.3

3.6

11.2

3.0

7.9

2.4

MS/MS fragments
found in the samples

79.9581

142.9918

180.9877

192.9889

218.9863

242.9855

280.9860

292.982
1

308.9773

372.9401

Theoretical
fragments formula

SO3‒

C4F5‒

C4F7‒

C5F7‒

C4F7‒

C6F9‒

C6F11‒

C7F11‒

C7F11O‒

C7F11SO3‒

Theoretical
fragments MS/MS

79.9574

142.9926

180.9894

192.9894

218.9862

242.9862

280.9830

292.983
0

308.9779

372.9398

DE (ppm)

8.8

5.6

9.4

2.6

0.5

2.9

10.7

3.1

1.9

0.8

MS/MS fragments
found in the samples

79.9576

386.9529

Theoretical
fragments formula

SO3‒

C8H2F11S
O3‒

Theoretical
fragments MS/MS

79.9574

386.9552

DE (ppm)

2.5

7.3

MS/MS fragments
found in the samples

82.9603

92.9959

98.9563

204.9881

224.9950

254.9869

304.9837

Theoretical
fragments formula

FSO2‒

C3F3‒

FSO3‒

C6F7‒

C4HF8‒

C7F9‒

C8F11‒

Theoretical
fragments MS/MS

82.9609

92.9958

98.9558

204.9894

224.9956

254.9862

304.9830

DE (ppm)

7.2

1.1

5.1

6.3

2.7

2.7

2.3

MS/MS fragments
found in the samples

79.958
0

98.9556

380.9732

172

C8HF16SO3‒
(480.9372)

DE (ppm)

173

Theoretical
fragments formula

SO3‒

FSO3‒

C8F15‒

Theoretical
fragments MS/MS

79.957
4

98.9558

380.9766

DE (ppm)

7.5

2.0

8.9

Table C5. Product ions mass of br-PFHxS transformation intermediates detected in the aqueous samples and theoretical masses of
fragments, and their difference error (ppm).
Formula

C6H2F9SO3‒
(324.9580)

C5HF8SO3‒
(292.9515)

C6H4F7SO3‒
(288.9770)

MS/MS
MS/MS fragments found in
the samples

79.9580

224.9965

304.9525

Theoretical fragments
formula

SO3‒

C6HF8‒

C6HF8SO3‒

Theoretical fragments
MS/MS

79.9574

224.9956

304.9524

DE (ppm)

7.5

4.0

0.3

MS/MS fragments found in
the samples

79.9588

98.9569

142.9917

192.9894

272.9454

SO3‒

FSO3‒

C4F5‒

C5F7‒

C5F6SO3‒

79.9574

98.9558

142.9926

192.9887

272.9462

DE (ppm)

17.5

11.1

6.3

3.6

2.9

MS/MS fragments found in
the samples

79.9581

98.9562

116.9965

149.0019

Theoretical fragments
formula
Theoretical fragments
MS/MS

173

174

Theoretical fragments
formula
Theoretical fragments
MS/MS
DE (ppm)

SO3‒

FSO3‒

C3F3‒

C6HF4‒

79.9574

98.9558

116.9958

149.0020

8.8

4.0

6.0

0.7

174

