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Abstract
This study explored thermal conductive heating (250 °C to 550 °C) in the presence of air for
remediating silica sand spiked with perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS) at 50 and 200 mg PFAS/kg sand. The fate of PFAS and fluorine was quantified with
sand and emission analysis, including targeted PFAS, transformation products, and soluble
fluorine. Post-treatment PFAS sand concentrations at temperatures above 400 °C were below
detection limits (0.0004 mg/kg), with >99% removal efficiency. However, at 300 °C and 250 °C,
PFOA and PFOS remained above regulatory guidelines. TFA and PFPA were the most detected
PFAS in emissions at temperatures >400 °C, whereas PFHpA, PFHxXA, and PFPeA were the main
emissions at 300 °C and 250°C. Long-chain PFAS (>C9) were identified in the emission system
at all temperatures indicating that PFAS radicals can combine to form long-chain PFAS. Several
novel PFAS transformation products, including 4,5,6,6,7,7,8,8,8-nonafluorooct-2,4-enoic acid and
2,3,4,5,6,6,7,7,8,8,8-undecafluorooct-2,4-enoic acid, and homologous series of perfluoroalkyl
amides (CsHONF1s) were detected during high-resolution analysis of the emissions. The finding
from this study proves the wide presence of PFAS in emissions during thermal treatment processes
and that some of these compounds are not fully understood in terms of their physiochemical or

toxicological characteristics.
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Chapter 1

Introduction

1.1 PFAS Thermal Remediation Challenges

Per- and polyfluoroalkyl substances (PFAS) have been used extensively since the 1950s in
commercial, industrial, and military applications due to their dual hydrophobic/hydrophilic
surface-active properties and chemical/thermal stability [1]. The widespread use and adaptability
of PFAS have resulted in contamination of groundwater, surface water, drinking water, and soil
[2] [3] [4]. Perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) are two of the
most detected long-chain PFAS in contaminated field soil [5]. Many governmental environmental
agencies have classified PFOA and PFOS as emerging contaminants, including the United States
Environmental Protection Agency (USEPA) [6]. The recent adoption of regulatory limits
concerning the use of PFAS has created intense interest in developing remediation options for water
and soil [7] [8]

Existing soil remediation technologies have been proven ineffective for PFAS contamination [9]
[10]. The wide variety of PFAS present at any given site creates challenges since most technologies
cannot break down all types of PFAS. In addition, the strong carbon-fluorine bonds of PFAS make
them highly recalcitrant and resistant to destruction [11].

Thermal remediation is a viable remediation strategy for most organic contaminants, such as
chlorinated solvents, coal tar, and crude oil. Heat increases the vapour pressure of organic

compounds and increases partitioning to the gas phase to enhance vapor recovery. One of the main



advantages of thermal treatment is that up to 99% of the substrates can be treated regardless of the
contaminant chemical species [12] [13].

One challenge in using in-situ thermal technologies is the need for proper site characterization,
specifically accurate conceptual site models [14]. Poor site characterization before thermal
treatment can cause the volatile contaminants to travel to other areas. Recent incineration studies
have shown that in-situ thermal treatment of PFAS-contaminated soil in an oven between 400 °C
to 500 °C can achieve volatilization but cannot destroy PFAS, risking the emission of fluorinated
greenhouse and hazardous gasses, such as hydrogen fluoride (HF) and volatile organic fluorine
(VOF) (e.g., CF4 and C2Fs), and products of incomplete combustion (PIC) [15] [16] [17]. PFAS
toxic by-products emitted during heating are rarely monitored; this has led to the ban of PFAS
incineration in some regulatory jurisdictions; this study was able to capture and analyze these by-
products to provide a better understanding of the nature of those transformation products.

1.2 Research Objectives

The main objectives of this study were the following:

1

Evaluate the ability of heat to remediate PFAS-contaminated sand in situ over a range of

temperatures (550 °C, 500 °C, 400 °C, and 300 °C) in the presence of air.

2- Gain knowledge about the transformation products that are released during the heating
process by measuring a broad suite of targeted and untargeted PFAS

3- Complete fluoride mass balances to better understand PFAS fate during thermal
remediation.

4- Check the possibility of reforming longer fluorinated chain from shorter chain PFAS

radicals formed during heating.



5- ldentify any new classes of PFAS transformational products using advanced analytical

techniques to characterize different PFAS released during thermal remediation.

By achieving these objectives, this study will lend itself to improving existing thermal
remediation technologies, which will lead to a better mitigation approach. Results from these
experiments may provide a fundamental understanding which can be built upon to improve

thermal remediation approaches and maximize the destruction of PFAS.

1.3 Thesis Outline

This thesis is written with the guidelines and regulations stipulated by the School of Graduate
Studies at Queen’s University Kingston. Chapter 2 is a general review of the available literature
that gives a background about PFAS diversity, environmental behavior, contamination sources,
and a review of the most common remediation technologies.

Chapter 3 presents the results from laboratory experiments exploring the ability of heat to remove
PFAS from contaminated sand. This chapter is written in a thesis format that will later be adjusted
to be written in a manuscript format for the intention of submission to a peer-reviewed journal.
Chapter 4 summarizes the research performed, the conclusions from this work, and
recommendations for future continuing work. Appendices provide additional information

mentioned throughout the thesis. Samer Al-Dirani is the author of all chapters in this thesis.



Chapter 2

Literature Review

2.1 PFAS Diversity

PFAS are fluorinated organic chemicals oil and water-repelling and contain hydrophilic and
lipophilic functional groups [18]. In polyfluoroalkyl substances (polyFAS), at least one (but not
all) hydrogens have been replaced by fluoride, while in perfluoroalkyl substances (perFAS), all
hydrogens have been replaced by fluoride [18].

PFAS can also be classified as polymers and non-polymers. Polymeric PFAS can be categorized
into three sub-groups: fluoropolymers, perfluoropolyether, and side-chain fluorinated polymers.
Nonpolymeric PFAS are within four subfamilies: perfluoroalkyl acids (PFAAS), fluorotelomers
(FTs), pre-and polyfluoroalkyl ethers (PFPES), and other compounds derived from perfluoro alkane
sulfonyl fluoride (PASF). The most common classes of PFAAs are perfluorosulfonic acids
(PFSASs) and perfluoroalkyl carboxylic acids (PFCAs). Among PFAAs, perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonic acid (PFOS) are the most detected PFAS in environmental
samples. Table 1 summarizes the physical and chemical properties of PFOA and PFOS.

Table 1: Physical and chemical properties of PFOA and PFOS [19]

Properties PFOA PFOS
Molecular weight (g.mol) 500.13 414
Molecular formula CgHF1703S CsHF1502
Melting point (°C) > 400 45-50
Vapor pressure at 20 °C (mm Hg) 2.48 x 10 0.017
Water solubility at 25 °C (mg. L) 550-570 (purified water) 9.5x 10°
pKa 2.80 -3.70
Organic-carbon partition coefficient (log  2.57 (estimated based on anion and not 2.06
Koc) the salt)




PFAS varies in length and may include linear or branched isomers [20]. Short-chain PFAS are
PFCAs with less than seven carbons, whereas PFSAs have less than six carbons. PFAS isomers are
classified as linear if they have a carbon atom bonded to one or two other carbons with homologs
of varying -CHz- groups, whereas branched isomers have their carbon backbone bonded to more
than two carbon atoms with homologs of variable -C2Fs- groups. In most environmental samples,
PFAS are found as a mixture of linear and branched isomers and short and long chains.

Based on their environmental media, PFAS can be neutral or ionic. The pKa values (Table 1) show
that PFCA and PFSA are strong acids and exist as dissociated anions of acids under natural soil
conditions. However, because of their surfactant nature, the pKa values depend on the
concentration of PFAS. Burns et al. (2008) revealed that monomeric PFOA pKa is 3.8 but can be
as low as -0.2 due to perfluorooctanoate (PFO) aggregation [21].

Each PFAS behaves differently depending on chain length, functional head, and other
characteristics. These differences stem from two manufacturing routes, the electrochemical
fluorination (ECF) and the fluorotelomer process (FT). ECF results in a mixture of linear and
branched isomers with even and odd numbers of PFAS. Whereas the telomerization process creates
linear isomers with an odd number of partially fluorinated compounds [22].

Table 2 lists the structure and properties of the most studied PFAS.

Table 2: The most studied PFAS in the literature [23]

Compound Name Molecular Formula Solubility Vapor
(mg.L 1) Pressure (Pa)

Perfluoroalkyl Carboxylic Acids (PFAAS)

Perfluoroalkyl Carboxylic Acids (PFCAS)

perfluorobutanoic acid (PFBA) CsFCO2H 851 (25 °C)

perfluoropentanoic acid (PFPeA) CsHF902 - -
perfluorohexanoic acid (PFHxA) CeHF1102 - =
perfluoroheptanoic acid C7HF1302 118,000 (21.6 20.89 (25 °C)
(PFHpA) °C)




perfluorooctanoic acid (PFOA) CgHF1502 4340 (24.1 °C) 4.17 (25 °C)

perfluorononanoic acid (PFNA) C9HF1702 1.29 (25 °C)
perfluorodecanoic acid (PFDA) C10HF1902 260 (22.4 °C) 0.23 (25 °C)
perfluoroundecanoic acid CuHF2102 92.3(22.9 °C) 0.10 (25 °C)
(PFUNDA)

perfluorododecanoic acid C12HF2302 - 0.008 (25 °C)
(PFDoA)

Perfluoro Sulfonic Acids (PFSAS)

perfluorobutane sulfonic acid C4HF903sS 510 -
(PFBS) (Ca)

perfluorohexane sulfonic acid CeHF1303S - -
(PFHXS) (Ce)

perfluorooctane sulfonic acid CsHF1703S 570 3.31x104 (25
(PFOS) (Cs) °C)

Precursor Compounds

Fluorotelomer Alcohols (FTOHSs)

4:2 fluorotelomer alcohol (4:2 CaF9oCH2CH20H 974 (225 °C) 992 (25 °C)
FTOH)

6:2 fluorotelomer alcohol (6:2 CFs3(CF2)s5(CH2)20H 18.8 (22.5 °C) 713 (25 °C)
FTOH)

8:2 fluorotelomer alcohol (8:2 C7F1sCF2CH2CH20H  0.194 (22.3 °C) 254 (25 °C)

FTOH)

10:2 fluorotelomer alcohol (10:2 C12HsF210 0.011 144 (25 °C)
FTOH)

Per fluoroalkane Sulfonamides (FASAS)

perfluorooctane sulfonamide CsH1sFNO2S 499.14 2.56
(FOSA)

N-alkyl Perfluoroalkane Sulfonamidoehtanols (FASES)

N-methyl 0.70 (25 °C)
perfluorooctanesulfonamidoetha C11H10F17NO3sS 0.81 (25 °C)

nol (N-MeFOSE)

N-ethyl perfluorooctane C12H10F17NO3sS 0.89 (25 °C) 0.3525 °C)

sulfonamidoethanol (N-EtFoSE)

2.2 Sources of PFAS in Soil

Table 3 lists previously published statistics for PFOA and PFOS distribution in surface and
subsurface soil. PFOS was the predominant PFAS detected, and PFOA was also detected in both
media, but concentrations were generally much lower. The concentration of PFAS in soil from

each site varies and depends on the initial exposure type. For example, high exposure was detected



in AFFF testing and manufacturing areas, medium exposure in hangars and buildings, and low
exposure in AFFF emergency use areas. Therefore, a high degree of variability can be observed,

reflecting site-specific conditions and operational practices.

Table 3: Summary statistics for PFOA and PFOS measured by matrix [24]

Summary Statistics for PFOA and PFOS Measured by Matrix

PFAS Parameter Surface Soil (ppm) Subsurface Soil
(ppm)
DF 79.12% 48.08%
PFOA Median? 1.45 1.55
Maximum 58.0 140
PFOS DF 98.90 78.85%
Median? 1.20 0.470
Maximum 620 160

2 Median values are reported using only detected concentrations
Abbreviations: DF = detection frequency

2.2.1 Firefighting Foams

Historically, aqueous film-forming foams (AFFFs) contained long-chain PFAAS, but in 2015, the
foam manufacturers eliminated long-chain PFAAs from their products. Current AFFF formulations
contain fluor surfactants that can transform into shorter-chain PFAAs. Shorter chains are
considered less toxic and less bio-accumulative [1]. However, they are highly persistent and
mobile, and necessary soil cleanup is prohibitively expensive.

Hydrofluoric-based foams may be released while extinguishing fires or spillage during storage and
handling. In the United States, most PFAS-impacted areas are at military facilities where AFFFs
were used for firefighting purposes. A previous investigation of AFFF-impacted groundwater at
firefighting training areas associated with the US military showed that PFOS and PFHXS are the
dominant PFAS detected, followed by PFOA [2]. In addition, strong evidence has linked telomer-

based AFFFs to PFCA presence [25].



2.2.2 \Wastewater

Wastewater treatment facilities are primary sources of PFAS. Short-chain PFAS are becoming
more common from these sources since the phasing out of long-chain fluor-surfactants. For
example, high concentrations of short-chain PFAS were detected in the surface water of Tangxun
Lake in China [26]. PFBA and PFBS were the predominant forms, with average concentrations of
477 pgL?t and 3.66 pgL?, respectively. The source of the short-chain PFAS was untreated
industrial water.

PFAS was also detected at many waste disposal sites. Short-chain PFAS were detected at many
rural dumping sites and municipal wastewater stations [27]. Each site was contaminated with
different PFAS, indicating that each source contributed to different PFAS profiles.

Industrial wastewater treatment plants can also contribute substantial amounts of PFAS. Various
data show that wastewater treatment plants discharge up to 50 times more PFAS than they receive
in municipal wastes, and that PFOA in the wastewater effluent was 325% greater than that in the
influent [28] [17]. The source of PFAS in the effluent are precursor compounds that degrade into
PFAS. However, the concentrations of PFOS and PFOA can decrease in the effluent, which may
be attributed to the high distribution constant (Kq) causing molecular retention in the sludge and
decreasing PFOS concentration in the effluent [29].

2.2.3 Landfill Leachate

Various PFAS, such as PFBA, PFHXA, and PFHpA, are currently used in consumer products,
including nano sprays, outdoor textiles, carpets, gloves, paper food wrappers, and leather.
Household wastes, such as those mentioned above, are usually disposed of in landfills. As a result,

PFAS can be released into the groundwater through contaminated leachates from landfills or move



from the landfill areas to surrounding land if an appropriate lining is not installed. Even though
landfilling is the most common method to manage PFAS-contaminated soil. However, it is
becoming more unfavorable due to the restrictive regulations, high operational costs, and long-

term liability.

2.3  Short-chain PFAS and Precursor Transformation

Short-chain PFAS are becoming more common as long-chain compounds have been phased out of
use. Short-chain PFAS such as PFBA, PFHxA, and PFHpA can be found in outdoor textiles,
carpets, gloves, and food packaging [30]. Some short-chain PFAS can also be derived from natural
transformations. For example, the atmospheric degradation of hydrofluorocarbons (HFCs) and
hydrochlorofluorocarbons (HCFCs) can produce trifluoroacetic acid (TFA).

In addition to the widespread use of shorter chain PFAS in the environment, other sources of PFAS
are precursor compound degradation, such as FTOHs, FASAs, N-MeFOSEs, and Fluorotelomer
carboxylic acid (FUTCASs) [31]. Studies have shown that FUTCA can oxidize and transform into
PFAS with a similar or shorter carbon chain length. For example, 6:2 FUTCA can transform into
PFHxA and PFPeA, and 8:2 FUTCA can degrade and form PFOA with slight traces of PFHpA and
PFHXA [31]. A recent study for 6:2 FTOH biotransformation in river sediments over 100 days
detected nine different transformation products. 6:2 FTOH half-life was approximately 1.8 days,
indicating that the microbes found in sediment can rapidly transform 6:2 FTOH into poly- and
perfluorinated carboxylic acids. The predominant polyfluorinated acids on day 100 were 5:3 acid
(F(CF2)sCH2CH2COOH), in addition to smaller quantities of PFPeA, PFHXA, and PFBA [32].
Precursor transformation can sometimes depend on the organic content present in the soil. Kim et
al. (2012) studied the biotransformation of 4:2 FTOH by P. oleovorans over 48 h in the presence

and absence of n-octane. The results show that in the absence of n-octane, showed greater bio-



defluorination. The presence of n-octane limited biotransformation almost by twofold, acting as
the main carbon source for P. oleovorans instead of FTOH [33].

Another form of precursor transformation is the interaction of living organic matter in the soil with
PFAS. For example, the uptake and metabolism of 10:2 fluorotelomer alcohol in soil-earth worm
and soil wheat showed that 10:2 FTOH could biodegrade to products such as PFOA, PFNA, and
PFDA in soil. In addition, 10:2 FTOH can accumulate and transform into PFNA and PFDA in
earthworms. Proving that precursor degradation could be a significant potential source of PFCAS
in the environment [34].

Wastewater treatment plants can also act as a medium for precursor transformation. Effluent
samples examined from a wastewater treatment plant showed that PFAA precursors were present
in all samples and accounted for 63% of the total PFAS molar concentration. Most precursors that
were produced are PFBA, PFPeA, PFHpA, PFHXA, and PFHXS [35].

All the previously mentioned studies demonstrate that precursor compounds could act as an
ongoing source of PFAS, particularly short-chain PFAS. This addresses the critical need for a
remediation technology that can destroy PFAS regardless of the by-products and precursors
present. Thermal remediation has always been considered an option to eliminate emerging
contaminants irrespective of the chemical species present. However, when it comes to PFAS, it is
an entirely different dynamic since PFAS can transform into various compounds that are not fully

understood.

2.4  Biological Effect of PFAS Exposure

PFAS are considered critical compounds in environmental toxicology studies. Both human and

animal epidemiological data suggest that early exposure to PFAS can impact human health by
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causing changes in lipid metabolism, leading to delays in development, specifically mammary
gland development. Rodent’s studies showed that exposure to PFAS during the late-gestation
period could drastically increase the risk of newborn fatality and impact body and relative liver
weight. Some studies have reported a link between PFOA exposure and kidney and testicular
cancer [36]. For example, a case study showed that cancer cases increased with a reported increase
of PFOS and PFOA in the serum [37].

Most PFAS toxicity knowledge stems from PFOS and PFOA studies, but this may not be a good
representation of all PFAS; there is a need to study the toxicity of PFNA, PFHXS, PFBA, and short-
chain PFAS, since they have been used as replacements for PFOA and PFOS. For instance, an
animal laboratory study showed that high exposure to PFBA (up to 100 mg.kg™) at a young age
could increase thyroid and liver weight, decrease red blood cell count, and reduce cholesterol levels
[38].

Even though the toxicological data on long-chain PFAS is very well established, most current
toxicological information has been performed on animals. More field data should be conducted on
human exposure. Health risk data can provide critical scientific bases to accelerate the regulation
of short-chain PFAS since they can spread faster in the environment and contaminate larger areas.
However, as this study indicates, unknown and undiscovered PFAS with undocumented

toxicological or biological data were by-products of PFOA and PFOS thermal degeneration.

2.5 Environmental Behavior of PFAS in Soil

PFAS compounds that reach soil can undergo sorption, partitioning, and complexation reactions,
allowing them to be retained in the soil for long periods. Sorption referred to the electrostatic
interaction between PFAS and charged clay matter, whereas partitioning is the hydrophobic

interaction between the PFAS molecule and organic substrate (soil organic content). Complexation
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refers to partitioning PFAS with dissolved organic matter to form a soluble PFAS-organic solution
[39].

The behavior and fate of PFSA in soil depend on the characteristics of the PFAS compounds
(including solubility and functional ionic head), the soil properties (organic content and pH), and
some environmental factors (e.g., precipitation).

PFAS compounds can adsorb onto soil particles through hydrophobic interaction and electrostatic
attraction [40] [41]. The long-fluorinated alkyl chains of PFAS compounds provide their
hydrophobic properties, whereas the sulfonate and carboxylate functional ionic heads endow them
with hydrophilic characteristics [42] [43]. Due to the low Henry’s Law constant value of PFAS,
the vapor state mobility of PFAS compounds is highly unlikely under typical soil conditions.
However, short-range atmospheric transport and deposition can occur with shorter chain PFAS.
Released PFAS can likely get tied to particulate matter, which settles to the ground during rain or
dry weather. That is why it was important for this to study to analyze and quantify various PFAS

released by the emissions during thermal remediation.

2.5.1 Properties Affecting PFAS Sorption and Desorption Behavior

Two main mechanisms of PFAS sorption have been identified: (1) hydrophobic interactions of
PFAS with soil particles rich in aromatic hydrophobic components (i.e., organic matter), and (2)
electrostatic interactions with charged materials on the soil surface [44].

The main property affecting the strength of PFAS sorption is the organic content of the soil (foc).
Higher organic content leads to a greater PFAS sorption [13]. When the sorption behaviors of
PFOA and PFOS were evaluated on five different soils with variable fractions of organic carbon.
The results showed that the absorbed concentration of both PFOA and PFOS increased with

increasing soil organic content. In addition, Kq values between the soil and aqueous PFOA and
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PFOS solution were calculated over various concentrations. Results showed that the Kq value of
PFOS was greater than that of PFOA for all soil types, and the soil with the highest foc had the
highest affinity for PFOA and PFOS. For multiple soil types, a linear relationship exists between
foc and K¢ of PFOA and PFOS [45]. In addition, increasing the organic matter in the aqueous PFOA
and PFOS solution negatively affects PFAS sorption onto the soil. For example, PFOA and PFOS
Ka values decreased with increased humic acid concentration. This can be related to the formation
of complexes between the PFAS and organic functional group of the humic acids in the soil
solution, which can inhibit the sorption of PFASSs to the organic matter present in the soil [45].
Experiments also found that the sorption of PFAS to soil tends to increase with higher ionic strength
and low pH of the soil [46]. Higher electrolyte concentration (e.g., calcium ion Ca?*) and higher
valent cations in the soil solution were correlated with an increase in the sorption capacity of PFAS
onto the soil. The low pH of the soil increases the dominance of positively charged protons (H*)
on the soil surface, allowing for stronger electrostatic interactions with the positive charge on the
soil particle and the functional ionic head of the PFAS [43] [47]. Tang et al. (2010) found that the
adsorption of PFOS onto goethite strongly relates to pH and ionic strength. For example, at a
background electrolyte concentration of 1 mM, adsorption increased from 0 at pH 9 to 6.2 pug.m2
at pH 3. However, high adsorption of PFOS was achieved on silica sand regardless of the solution
pH and ionic strength, even though charged silica surface is negative and should result in
electrostatic repulsion. The authors hypothesized that the adsorption of PFOS molecules might be
primarily driven by the hydrophobic interactions between PFOS tails and hydrophobic moieties on
the silica surface [48].

Sorption is also affected by the carbon chain length and sulfate moiety. Longer chain PFAS adsorb
in soils and sediment mainly through hydrophobic attraction. Each additional CF2 moiety will

increase sorption, where the interaction is stronger in PFSA than in their PFCA analogs [13].
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Shorter chain PFAS tend to adsorb via polar-polar interactions [49]. Laboratory experiments
simulated the effect of precipitation on the migration of PFAS from soil to groundwater using flow-
through 60 cm columns. Shorter chained PFAS (less than seven carbons) were more mobile than
longer chain PFAS molecules. The leaching behavior was also related to the organic content of the
soil. When the organic content was approximately 2%, PFOS was detected in leached water after
70 weeks, whereas PFBA and PFBS were seen after only seven weeks. By increasing the organic
content of the soil to 14%, the PFOS required more than two years to be eluted [50] [51].

In addition, site characterization parameters, such as inorganic content, dissolved organic carbon,
and co-contaminant distribution, can also affect the occurrence and distribution of PFAS. Studies
have found that perfluoroalkyl acid (PFAAS) sorption mechanism in the soil at previous AFFF-
impacted firefighting sites was influenced by other nonfluorinated surfactants, fuels, and
chlorinated solvents [52]. It was shown that non-aqueous phase liquids could act as an additional
sorbent to PFAAs and block the sorption of PFAA into other organic matter in soil with low organic
content.

Therefore, we can conclude that the remediation of PFAS contaminated soil is extremely
challenging. Thermal treatment techniques have been tested at the field scale. However, many of
those field-scale studies focus on post-treated soil without taking into consideration the emissions
being released. That is why this study focuses on characterizing PFAS emission to provide better

emission control and understand the type of contaminants that are being released.

2.6 PFAS Remediation Strategies

PFAS treatment technologies can be divided into two categories: (1) destructive and (2) non-
destructive. Destructive technologies cause PFAS to chemically transform, ideally causing a

reduction in their toxicological characteristics. Most destructive technologies use heat or oxidizing
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agents. The two categories of non-destructive technologies are removal and immobilization.
Removal can occur via soil excavation, soil flushing, or pumping of the PFAS leachate for later
treatment. Immobilization leaves the PFAS in the soil but prevents further spread into the
underlying subsurface by contaminant bonding with the soil matrix.

PFAS-contaminated water has been the subject of many more studies than PFAS-contaminated soil
[9]. What applies as an effective treatment for water cannot be assumed appropriate for
contaminated soil. In situ technologies such as air sparging, soil vapor extraction, and
biodegradation have been proven ineffective as PFOA and PFOS have low Henry’s Law constants
[53] [42]. Due to their carbon fluoride bond, the stability of PFOA and PFOS also causes chemical
oxidation and biological methods to be ineffective as treatment technologies. The following section

lists the most common and effective PFAS treatment technologies in soils.

2.7 Non-destructive Remediation of PFAS-contaminated media

2.7.1 Immobilization/Sorption

Immobilization uses liquid chemical solutions or absorbing agents such as those used in water
treatment to prevent the leaching of PFAS from the soil. Some of the most common materials for
adsorbing PFAS in soil include carbon-based and clay-based substances, ionic surfactants, and
anion exchange resins.

The nonpolar functional group makes it useful for hydrophobic PFAS sorption for carbon-based
material. Carbon-based materials can be further classified into three groups: (1) granular activated
carbon (GAC), (2) powdered activated carbon (PAC), and (3) multiwalled carbon nanotubes
(CNTs). CNTs have the highest sorption capacity of these carbon-based materials, followed by
PAC. For example, CNTs demonstrated a faster PFOS adsorption equilibrium (2 h) than other

sorbing materials such as biomass-derived chars (384 h) and ash (48 h). This is due to the higher
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number of available reaction sites on the external surface of the CNTs and strong hydrophobic
interactions [54].

Mineral options for PFAS sorption include organoclays (organically modified clay,
montmorillonite, kalinite, and palygorskite), iron oxide (goethite, hematite), and silica. In most
cases, natural clay minerals have a hydrophilic surface that is negatively charged, making them
ineffective for anionic and hydrophobic PFAS removal. However, modifications with surfactants
and ammonium or amino groups can enhance their sorption capacity. Laboratory studies have
shown that quaternary ammonium surfactant-modified products could generate a positive charge
surface, possibly trapping PFOA and PFOS via electrostatic interactions [55]. Das et al. (2013)
reported a modified clay absorbent that can immobilize PFOS in contaminated soil. The absorbent
was made of a palygorskite-based organoclay modified with oleylamine, commercially known as
MatCARE™. The effectiveness of this absorbent in immobilizing PFOS was examined. First, the
initial PFOS concentrations of four different soils from sites impacted by AFFF were measured,
and 10 grams of MatCARE was applied to 100 grams of sand. Without MatCARE, the average
amount of PFOS released after one year at 25 °C was 8.14%. In comparison, with the application
of MatCARE, no detectable PFOS was released. The experiments were also conducted on PFOS
lab-spiked soils, and the average concentration of PFOS release decreased from 18% in the
untreated sand to almost 0.15% for the treated sand [56].

Liquid-based absorbents have recently been studied to immobilize PFAS in contaminated sand.
Various methods have been tested for increasing PFAS sorption to aquifer solids by adding
commercially available drinking water coagulants. The coagulants can increase the PFAS sorption
capacity from the soil by a factor of 2.0-6.1. However, PFAS sorption using this method is not

readily reversible [57].
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Many factors such as the soil organic content, adsorbent properties, and co-contaminant presence
will influence the effectiveness of Immobilization as a treatment technology. For example, the
adsorption of PFCs on activated carbon decreases significantly during the treatment of
contaminated water. However, adsorption was improved considerably when the water was directly
pretreated with H202 oxidation to remove most organic matter except PFAS, indicating that organic
matter is a competitive source for PFAS adsorption [58]. In addition, adsorbent properties, such as
particle size, pore size, and surface chemistry, also remarkably affect PFAS sorption. Adsorbents
with smaller-sized particles have superior adsorption. Similarly, adsorbents with mesopores and
macropores are better for diffusion and adsorption of PFOA and PFOS. Adsorbents with more
basic groups can adsorb more PFCs through hydrophobic and electrostatic interactions [59].
Battista et al. (2020) assessed the diffusive behavior of PFOA and PFOS through linear low-density
polyethylene (LLDPE) and LLDPE coextruded with ethyl vinyl alcohol (EVOH). The study was
performed for concentrations below and above 0.001 critical micelle concentration at temperatures
of 23°C, 35°C, and 50 °C. The study showed that minimal diffusion through both membranes
occurred, with the coextruded membrane exhibiting low diffusivity of PFOA and PFOS. In
addition, this study proved that hemi-micelle and micelle formation of PFOA and PFOS does not
affect the diffusion properties of the membrane [60].

The previously mentioned studies show that the immobilization of PFAS can be a complex process,
with efficacy varying with soil properties and molecular properties of the individual PFAS. Unlike
thermal remediation, immobilization strategies must be adjusted to site-specific conditions and

contamination profiles.
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2.7.2 Phytoremediation

Phytoremediation of organic pollutants usually consists of three main mechanisms: (1) phyto
filtration (plant uptake), (2) phytovolatilization (conversion of pollutants to volatile form), and (3)
phytodegradation (participation of root exudates and microbial population). However, since PFAS
are resistant to photolysis and have limited biodegradation, plant uptake may be the primary route
for site remediation. PFAS from the soil is mainly transported into the plant roots via passive
(diffusion) and active processes [61]. Passive transport is the diffusion of small, non-ionized PFAS
driven by the plant’s transpiration stream. When PFAS enter the roots, they will be translocated to
the stems, shoots, leaves, and fruits. However, active transport is a selective adsorption process in
which PFAS are picked up by carrier proteins, aquaporin channels, and anion channels to be
transported into the plant cell [62]. One important metric in assessing bioaccumulation and
translocation of PFAS in plants is the bioconcentration factor (BCF) [63]. BCF indicates the
affinity of PFAS for bioaccumulation in different plant organs. Hyperaccumulation of PFAS
compounds in plants occurs when the BCF value is greater than 10.

One major factor for plant bioaccumulation and translocation of a PFAS is its chain length. Longer
carbon chain will cause an increase in the octanol-water partition coefficient (log Kow) and decrease
the BCF. For example, pot experiments were performed to evaluate the accumulated concentration
of several PFAAs within wheat cultivated in soil. The results showed higher BCF (greater than 10)
for PFBA in wheat compared to PFOA which was less than 1 [64]. Another influencing factor is
the PFAS functional group. PFAS with sulfonate groups exhibit stronger adsorption to the soil and
less plant uptake. For example, the BCF of PFOA hyperaccumulating species ranged from 11.5 to
46.6 and that of PFOS ranged from 10.3 to 17.9 [65].

Lauraetal. (2017) studied the uptake of 26 PFAS in plants from areas with elevated levels of PFAS

contamination (16 ng. g* to 160 ng. g'*). Samples from the surrounding area were collected from
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several plant species and tissues (i.e., roots, twigs, leaves, and trunks). The plants showed high
variability of PFAS concentration with up to 97 ng. g* and 94 ng. g in birch leaves and spruce
needles, respectively. In addition, ground cover plants such as long beech fern, ground elder, and
bird cherry bushes showed concentrations of 6.9 ng. g%, 23 ng.g*, and 21 ng.g™* w/w, respectively.
The authors concluded that a shelterwood system with a mixed stand of silver birch and spruce
combined with leaf harvest, birch sap, and the understory of a ground elder could remove up to 1.4
g of PFAS per year per hectare [66].

Even though bioremediation has the potential to treat PFAS. However, plants used for
phytoremediation must be able to tolerate the type and the high concentration of PFAS present at
any given site [67]. That is why bioremediation might take several years to clean up a site. Thermal

remediation can destroy PFAS quickly regardless of the concentration and type of PFAS present.

2.7.3 Excavation and Specialized Landfills and Encapsulation

Contaminated soil can be excavated and transported to areas specifically designed for long-term
containment. These areas are usually surrounded by low permeability barriers built with materials
such as clay or synthetic textiles to reduce the risk of contaminant migration [68]. Treatment walls
can also be installed at the original area of the contamination to act as a long-term storage area.
The treatment walls are constructed by digging a trench around the contaminated plume and filling
it with a material that can treat the contaminated groundwater as it passes through the barrier. The
three most common treatment walls are sorption barriers, degradation barriers, and precipitation

barriers.
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Since PFAS are considered nonreactive chemicals i.e., they do not degrade as they pass through
the treatment walls. Filling those wall barriers with a sorbent material such as activated carbon can
capture the PFAS and hold them in place.

Due to the continuously evolving regulations that affect PFAS clean-up levels, fewer landfills are
accepting PFAS. This strikes the need for a destructive remediation technology. Thermal
remediation is considered a great technology for destroying PFAS, mainly if the emissions are

adequately characterized and understood.

2.7.4 Groundwater Pump and Treat

Groundwater pumps and treat have been proven effective in treating contaminated soil leachate to
prevent PFAS from being released into the drinking water supply [69]. The technology is usually
accompanied by some sort of filtration or adsorption process for the pumped water.

Filtration removes PFAS from contaminated water by forcing water into a semipermeable
membrane. Results have shown that reverse osmosis and nanofiltration effectively remove PFAS
regardless of chain length, while ultrafiltration and microfiltration perform poorly.

GAC sorption, a hydrophobic process, is commonly used in PFAS-contaminated water treatment
technologies. GAC sorption can remove longer chain PFAS but becomes less effective with shorter
chain PFAS and precursors. Paterson et al. (2008) conducted a field to assess the ability of GAC
to treat PFAS-impacted soil at a previous firefighting training site. The study involved the
installation of an in situ multiphase vacuum extraction system. Four rotary claw pumps removed
both groundwater and vapor from the subsurface. The extracted groundwater was passed into an

oil-water separator and an air stripping unit and then sent into large drums to be treated via GAC.
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Even though the GAC has a PFAS extraction efficiency greater than 99%, it was estimated that
only 0.1% of the total PFAS in the soil was removed [70].

Such technologies have high implementation and operational costs, causing them to be cost-
ineffective. The membranes used can be compromised by suspended solids and the complex
geochemistry of water, which can create additional costs due to fouling. Other limitations, such as
low efficiency, contamination rejection, and low flow rates, can make this technology site-specific.
Most of the wastes generated (e.g., PFAS-contaminated GAC) will require additional thermal

treatment at high temperatures (>1000°C).

2.7.5 Soil Flushing

Soil flushing is an in-situ process that involves the injection of a specific solution into the ground
to enhance the extraction of contaminants from their binding media. Soil flushing successfully
treated many contaminants, such as persistent organic pollutants and heavy metals. The advantage
of soil flushing is its ability to treat large quantities of soil in situ without excavating or transporting
the soil [71].

In most soil flushing cases, surfactants are the primary active extraction ingredients. Surfactants
contain both a hydrophobic and hydrophilic portion. However, many PFAS, including PFOA and
PFOS, are surfactants by their chemical nature, making their behavior unpredictable when coupled
with a soil flushing agent. Other common flushing agents include organic/inorganic acids, bases,
methanol, ethanol, and oxidizing agents.

Many studies have been performed to examine the effect of cationic and anionic surfactants on the
sorption of PFOS in soil sediments. Pan et al. (2009) tested the sorption and desorption effect of
the cationic surfactant cetyltrimethylammonium bromide (CTAB) and the anionic surfactant

sodium dodecylbenzene sulfonate (SDBS) on PFAS sediments. CTAB was able to immobilize
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PFOS effectively regardless of the surfactant concentration. They suggested that CTAB may have
adsorbed to the sediment first, thus exposing its hydrophobic tail and acting as a PFOS sink.
However, the anionic surfactant SDBS had a concentration-related effect. When the SDBS
concentration was lower than 4.3 mg. L%, PFOS sorption to the soil increased. For concentrations
between 21 mg. L-*and 44 mg. L, PFOS sorption decreased. Therefore, the authors concluded
that SDBS at high concentrations could be used as an effective surfactant in improving the
mobilization of PFOS in sediments [72].

Pressurized liquid extraction (PLE) is a multi-step procedure to extract fluorinated an-ionic and
non-ionic surfactants in sewage sludge. PLE combined with certain solvents can be a great
remediation option for PFAS. For example, solvents such as ethyl acetate-dimethylformamide and
methanol-phosphoric acid (EtOAc-DMF-MeOH-H3POa4) showed excellent PFAS recoveries. This
method was proven stable and reproducible with an extraction percentage of 100% (150 pg.g™* of
sewage sludge) [73].

Soil flushing only transports the contaminant from the soil to the water (leachate). Second-stage
treatment streams should be included to treat the aqueous stream and allow the water to be used
again for more soil flushing. Common second-stage treatment includes liquid-liquid extraction and
membrane separation [68].

2.7.6  Soil Washing

Soil washing and soil flushing employ the same physiochemical principle, in which both methods
use an extraction agent in an aqueous solution to remove contaminants such as PFAS. However,
unlike soil flushing, which is in situ, soil washing requires the excavation of the contaminated soils
and treatment in an ex-situ unit. The first step of soil washing is the removal of the coarse

component of the sand (gravel and rocks) to isolate the smaller, more refined components (clay
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and silt) [68]. The rough piece of the sand usually carries little PFAS contamination; therefore, it
does not require further treatment. However, fine particles are more contaminated since
hydrophobic organic contaminants bind to smaller, organic-rich particles. This separation process
reduces the volume of PFAS-contaminated soil that requires decontamination.

However, this remediation option must be coupled with other technologies such as incineration,
bioremediation, or ball milling. Overall, soil washing is expensive, creates additional waste

streams, and impractical for the large volume of PFAS-contaminated sands.

2.8 Destructive Methods for PFAS Removal from Soil

2.8.1 Bioremediation

Biodegradation uses microorganisms to remediate soils and groundwater contaminated with
organic pollutants. Numerous studies have examined the biodegradation of PFAS precursors
through their microbial transformation in aerobic environments. However, little research has been
performed on the biodegradation of PFOA and PFOS. The biodegradability of PFAS depends on
the types of microbes or microcosms present in the soil. For example, E. coli could not biodegrade
PFOA and PFOS [74]. Whereas enrichment cultures of Acidimicrobium sp. strain A6 achieved
removal rates up to 60% of PFOA and PFOS [75]. Pseudomonas plecoglossicida 2.4-D also
showed a unique ability to use PFOS as the primary carbon source. When introduced to the soil,
the strain biodegraded PFOS by 75%, accompanied by the release of free fluorine atoms [76]. In
addition, P. aeruginosa could decompose PFOS over a 12-hour incubation period [77].

Most studies claim that the mechanism behind PFAS biodegradation is limited to non-fluorinated
moieties. However, the aerobic biotransformation of perfluorooctaneamido quaternary ammonium

salts (PFOAAmMs) resulted in an increased concentration of PFOA. Without microorganisms, the
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PFOAAms concentration remained unchanged. This shows that biodegradation was possible even
with the breakdown of the non-fluorinated moiety [78].

Even though some authors have reported the release of total fluorine ions of the PFOS
concentration in aerobic microbial treatment, they speculate that the fluoride ion released in PFOA
and PFOS bioremediation is derived from impurities present in PFOS and PFOA reagents. Without

a complete fluorine mass balance, the effectiveness of such technologies remains unclear.

2.8.2 In-situ Chemical Oxidation

Conventional water oxidization methods such as chlorination, ozonation, and chemical oxidation
are ineffective in treating PFAS-contaminated sites. However, few laboratory studies have
demonstrated the removal of PFAS from soil and water mixtures via chemical and thermal
oxidation reactions. For example, Li et al. (2012) investigated the electrochemical decomposition
of PFOA in an aqueous solution over anodic mixed metal oxides Ti/SnO2-Sb, Ti/SnO2-Sh/PbO2,
and Ti/SnO2-Sh/MnO2 for 90 minutes. The results showed a PFOA (100 mL of 100 mg.L?)

degradation ratio of 98.8% and a defluorination ratio of 73.9% over the Tin/SnO2-Sb anode [79].

Some in situ chemical oxidation methods use peroxydisulfate (5208%) to treat contaminated soil.
Peroxydisulfate is delivered into the soil subsurface in an inactive form. A delivery system consists
of a network of high-pressure injection wells and a backhoe for soil mixing [80]. Once in contact
with the contaminated zone, it can be activated through ultraviolet exposure, alkaline conditions
(high pH), heat, or hydrogen peroxide [81]. One study evaluated the effectiveness of persulfate
oxidation in degrading PFOA using hot water at 80 °C as an activating agent. The results showed

that PFOA was degraded below the detection limit after 6 hours of treatment [82]. The presence of
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fluoride ions and shorter chain PFCAs in the soil post-treatment strongly indicates chemical
degradation and PFSA and PFCA formation from more complex precursors.

Researchers have attempted to develop a mixture of common oxidants that can destroy PFOS and
PFOA under less extreme conditions. One method uses a combination of redox and activators
called a Smart Combination In Situ Oxidation/Reduction (SCISOR). This method was reported to
reduce the amount of PFAS in soil by 60% after one contact phase. This redox method has been
demonstrated to degrade PFOS and PFOA in multiple treatability studies using AFFF-impacted
soil. However, due to the lack of characterization and the absence of high-resolution mass
spectroscopy (HRMS) of the by-products released, this method was slowly discontinued.

2.8.3 Degradation of PFAS via Controlled Irradiation

Degradation of PFAS was also found to be possible via gamma irradiation [83]. PFOA, PFOS, 6:2
FTS, and thirteen different PFAS were irradiated to investigate their degradation behavior. More
than 80 fluorinated transformation products were identified. Aqueous electron was the vital
reactive species responsible for initial degradation. PFOS degradation led to Cs-Co9 PFCAS,
indicating that longer-chain PFAS can be formed from shorter counterparts. Traces of Cs and C2
PFAS were also detected, but it was too low to quantify. This proves that the chain-shortening
pathway is a significant transformation mechanism for PFOA and a minor transformation
mechanism for PFOS. The result from this study highlights the complexity of PFAS degradation

and further emphasizes the need to characterize the by-products being formed.

2.8.4 Ball Milling
In the last two decades, mechanochemical destruction (MCD), or high-energy ball milling, has
been studied as an alternative to non-combustion technology for persistent organic pollutants

(POP). The significant advantage of MCD is that it is generally environmentally friendly. The
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milling takes place in the solid phase at modest temperatures and pressures. Even though heat is
generated under ball milling conditions, heat is not the sole reaction initiation mechanism since
some mechanochemical reactions occur at very low temperatures. The MCD mechanism tends to
be complex. In general, two types of bond rupture processes happen under mechanical stress. The
firstis the disordering and amorphization of the crystal structure and conformational transformation
caused by the rupture of some intermolecular bonds. The second type of MCD reaction is the
deformation of valence bonds and angles under mechanical stress. Usually, bond breaking, bond
reformation, and (depending on the reagent used) oxidation, hydrolysis, and other chemical
reactions can occur [84].

Zhang et al. (2013) studied the mechanochemical method using a planetary ball mill to treat PFOS
and PFOA in the absence of soil. Potassium hydroxide (KOH) was the best co-milling reagent,
achieving nearly complete destruction of PFOA and PFOS. The final products obtained after PFOS
treatment were KF and K2SO4. The mass ratio between PFOS and KOH affected the fluoride
recovery but did not affect PFOS destruction.

Another study degraded a range of PFAS compounds co-milled with stoichiometric amounts of
La203 and thus were fully converted into LaOF, a luminescent material with various industrial
applications; this method is considered a waste-to-materials method. The reaction mechanism
proposed was that the ball milling process activated La2Os, which promoted the oxidation of CO2
and PFC carbonization and fluoride incorporation into La203’s lattice to form LaOF. Even though
it is highly effective, La203 cannot be implemented in soil remediation due to its high cost, and
the low concentration of PFAS present in the soil does not produce a significant amount of LaOF
[85].

Turner et al. (2020) demonstrated that PFAS concentrations in the sand, whether artificially spiked

or collected from firefighting training areas, can be reduced by ball milling. The study showed that

26



ball milling without any reagents is enough to reduce PFOS and PFOA concentrations by 98% and
99% in unsaturated sand, respectively. However, a co-milling reagent such as KOH is needed in
water-saturated sand to improve destruction and increase reaction kinetics. When KOH was used
as a co-milling reagent, 89% of fluoride was recovered from PFOS-amended sand. The theory
explaining this observation is that reactive particles formed from the fracture of sand grains can
react with PFAS molecules to initiate destruction and promote defluorination [86]. Ball milling is
becoming more appealing as a non-thermal technology that only requires mechanical energy as an
input. Ball milling was successful in treating PFA-impacted soil and hazardous waste. Further
research is needed to identify how it degrades PFAS, its kinetic reaction progression, and fluoride
fate.

A scale-up of the ball milling technology was performed by Battye et al. (2022). Horizontal Ball
mills were used to degrade PFOS, PFOA, and AFFF spiked nepheline sand, as well as two different
soil types (sand dominant and clay dominant), collected from a fire training area. High-resolution
accurate mass spectroscopy identified 19 non-targeted fluorotelomer substances, including 6:2
fluorotelomer thioether amido sulfonate (FtAo0S). This strongly indicates the importance of high-
resolution mass spectroscopy analysis when evaluating any PFAS destruction technology [87].
2.8.5 Vitrification

Vitrification, commonly referred to as the molten glass process, uses a high-energy source to melt
soil, causing pyrolysis and immobilization of all contaminants [68]. The temperatures needed for
vitrification are approximately 1600 °C to 2000 °C. The advantage of operating at such high
temperatures is the lack of by-products because all organic contaminants are destroyed. Electrical,
thermal, and plasma methods are available to reach vitrification temperatures. Electrical is an in-

situ process involving graphite electrodes inserted into the ground and passing energy into the soil.
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The thermal process is ex-situ and performed in a rotary kiln. Plasma is only required when
temperatures above 5000 °C are needed. Electrical and thermal methods save energy, and they can
be used to target PFAS at site-specific locations without the need to reach extreme plasma
temperatures.

Incineration, which is very similar to verification, is also one of the most popular PFAS thermal
remediation techniques for solid waste. However, tighter restrictions are being imposed by the EPA
regarding PFAS treatment via incineration since the fate and transport of PFAS during this process
are not fully understood. Most incineration studies are performed under highly controlled
laboratory conditions while reporting a specific number or subset of analytes. Even under these
controlled conditions, several studies have reported that incineration does not release the most
common PFAS, such as PFOA [88].

2.8.6 Pyrolysis and Gasification

Pyrolysis and gasification are thermal decomposition processes that convert solid hydrocarbons
into combustible gas. During pyrolysis, carbonaceous materials are exposed to high temperatures
(200 °C-1100 °C) without an oxidant. The materials generated from pyrolysis are usually carbon-
rich and referred to as biochar.

Gasification introduces the carbonaceous materials to high temperatures (800 °C-1650 °C) in the
presence of an oxidant (air) to oxidize and reform the volatile organic fraction while converting the
solid mass to ash particles. Thermal treatment under a reductive environment has recently become
very popular since no oxidation by-products are released [89]. Thermal destruction of PFAS under
reductive conditions occurs via hydro-defluorination. The simplest transformation is converting a
carbon-fluorine bond into a carbon-hydrogen bond with the assistance of various reagents and

catalysts. C-F bonds tend to be strong with a bond dissociation energy (BDE) of 500 kJ.mol, and

28



a thermodynamic compensation for the C-F cleavage is required. Therefore, the balance comes
from forming a thermodynamically favorable element—fluorine bond; potential features include
hydrogen, silicon, boron, aluminum, or transition metals [11]. Sometimes Hzis used as a hydrogen
source since it is inexpensive, readily available, and can be derived from clean sources. When H:
is directly introduced into the thermal reactor, the process is called gas-phase reduction, which is
used extensively to treat other contaminants, such as polychlorinated biphenyls and surface
contaminants [90]. One problem with treating PFAS at high temperatures is the inability to
maintain PFAS within the hot zone or contaminated media before it volatilizes and exits.

2.8.7 Smoldering Combustion

Smoldering is a new thermal PFAS remediation technique. A flameless oxidation reaction is
achieved by mixing fuel with inert media like sand or GAC in the presence of upward airflow
(oxidant). Hydrocarbon-contaminated soil can sometimes be used as the fuel for this process,
making it very energy and cost-efficient [91]. Sometimes when the organic hydrocarbon content in
the soil is low or too volatile, the soil can be spiked with a surrogate fuel such as vegetable oil or
wood chips. Smouldering has been used to treat wastewater solids with solid content as low as 20%
by optimizing the forced airflow to account for process and feed characteristic fluctuations [92].
Smoldering can reach temperatures up to 1200 °C depending on the fuel type and concentration
and the location in the reactor column. Few studies have examined the use of smoldering to treat
PFAS-contaminated soils. However, most of these studies used a surrogate fuel since PFAS
concentrations in soil are too small to act as a fuel [93].

In most thermal studies, emissions were not adequately analyzed. However, Duchesne et al. (2020)
were one of the few studies that quantified the fate of PFAS and fluorine in sand and emission

analysis to close the fluoride mass balance.
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2.8.8 Hydrothermal Liguefaction

Hydrothermal liquefaction (HTL) subjects solids to moderate temperatures (280 °C-370 °C) and
high pressures (10 and 25 MPa) to produce bio-oil or bio-crude. Sometimes, the process is fed
dewatered slurry solids to produce bio-crude with a high heating value [94]. Many PFAS molecules
produced from HTL are unstable and highly reactive and can recombine with smaller molecules to
form larger ones. Yu et al. (2020) applied HTL to five targeted PFAS in aqueous-only and wet
sludge samples. More than 98% of the PFOA and 8:2 FTUCA were degraded, with defluorination
increasing from 19% to 30% when the reaction temperature increased from 260 °C to 300 °C.
However, after the HTL was completed, the PFAS compounds and the defluorinated product were
distributed in the oil and not the aqueous fraction, requiring further purification of the crude oil

since they represent a primary sink for undegraded PFAS residuals [95].

2.9 Thermal Destructive Technologies

2.9.1 In Situ Thermal Treatment Technologies (ISTT)

In situ Thermal Treatment (ISTT) typically includes thermal conductive heating (TCH), electrical
resistance heating (ERH), and steam-enhanced extraction (SEE). TCH involves heating the
subsurface through thermal conduction via heating wells. In ERH, the heating is produced by
passing an electric current through the subsurface. SEE relies on steam flow through the porous
media and is highly dependent on permeability variation in the subsurface. For example, in a
layer of low permeability, steam cannot penetrate low-permeability soils. In contrast, TCH and
ERH technologies can be applied to contaminated media with a lesser influence on soil

heterogeneity [96].

2.9.2 In Situ Thermal Technologies for Destroying PFAS
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PFAS-contaminated soil was obtained from a former firefighting training area to evaluate the
extent of PFAS reduction over a range of temperatures [17]. PFAS was separated into four test
groups and heated using a temperature-controlled oven at 220 °C and 400 °C for 14 days and 300
°C and 350 °C for 10 days. Analysis of untreated soil revealed that the baseline concentration of
PFOS was 21 ppm.

No PFAS volatilization was observed at 220 °C when the sample was heated for 14 days. At 400
°C for 14 days, the PFAS was reduced in soil by 99.998%. Short-chain PFAS such as PFBA,
PFPeA, PFBS, PFHxA, and PFHpS were detected in the post-treatment sand at concentrations
lower than 0.07 ppb. Heating the soil samples to 350 °C for ten days resulted in a 99.91% PFAS
reduction. These results demonstrated that 350 °C might be a viable target temperature for PFAS
thermal treatment and result in significant cost savings compared to temperatures above 350 °C. A
lower PFAS reduction was observed at 300 °C than at 350 °C. Crownover et al. (2019) also showed
that the sulfonate-based PFAS did not volatilize as readily as carboxylate-based PFAS. This
observation is consistent with data indicating that the boiling points of PFCASs are generally lower
than those of PFSA [17].

Sorengard et al. (2020) evaluated the thermal desorption of PFAS on two different fortified soils
(loamy and clay-sand), and one field of contaminated soil (clay sand) collected from a former
firefighting station. The results indicated that the PFAS fraction removed from the soil generally
increased with increasing temperature but depended on the soil type, initial concentration, and
PFAS properties. Heating the fortified clay and loamy sand at 350 °C resulted in >99% removal
of PFCAs and FOSAs, but only 51% and 66% of (the PFSAs) PFHXS and PFOS, respectively. At
450 °C, more than 99% removal for all PFAS was observed in loamy sand and clay sand-fortified
soil. As mentioned in section 0, this evidence demonstrates that the PFAS functional group is an

essential factor governing its desorption behavior.
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In contrast to the fortified soil, the amount of PFAS removed from the field-contaminated clay sand
was lower for all treatment temperatures [97]. At 350 °C, the removal of 9 different PFAS was
43% compared to 87% and 71% for the fortified sand and clay soil, respectively. At 450 °C, 99%
of all PFSAs (PFHXS, PFOS) were removed from the field-contaminated soil and fortified soil. At
550 °C, greater than 97% of PFPeA was released, but only 71%-93% of PFCAs were removed
from the field-contaminated soil. The lower desorbing potential of PFAS in the field-contaminated
soil than in the fortified soil could be related to the lower PFAS concentration or the stronger PFAS
sorption in the field soil. Some shorter chain PFCAs showed negative removal at 150 °C—450 °C
in the field-contaminated sand. The authors proposed that the precursor compounds could degrade
and transform into PFBA. They suggested that the optimum PFAS treatment time and temperature
that reduces energy demand is between 350 °C and 450 °C.

Most thermal remediation laboratory setups discussed earlier do not address the potential PFAS
by-products that can form in the emission during the heating of PFAS. Incineration of PFAS can
release a plethora of unidentified and unreported materials. More studies are needed on the PFAS

breakdown species that could form because of products of incomplete combustion (PIC).
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Chapter 3

Laboratory and Modelling Study Evaluating Thermal Remediation of PFOA-
and PFOS-impacted Sand

3.1 Background

For the thermal mineralization of PFAS in contaminated sand, enough thermal energy should be
introduced to drive PFAS into their thermodynamic endpoints of CO2, H20, HF, or sulfur
compounds. However, the chemical composition of sand is not homogenous, and compounds such
as salts, minerals, and halogens can interfere to form other fluorinated, organic, and inorganic
compounds. Additionally, heat zone failure is possible, the most common of which is thermal
guenching by pockets of cold areas caused by flowing water if the surface analysis is inadequate.
Theoretical investigation of the thermal destruction of one or two highly fluorinated carbon organic
under combustion shows that C-F has a high bond strength (Table 4) [16].

Table 4: Relevant bond energies for some fluorinated compounds

Bond Energy (kJ.mol?)
CFs-F 552
CFa-F 352
CF-F 508
H-F 569
F-F 159
HO-F 216
O-F 220
CFs-H 456
CF3-CFs3 408
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Fluorinated compounds can be decomposed with a 1,2 or 1,1 elimination of hydrogen fluoride.
Studies have shown that as larger fluorinated hydrocarbons degrade into smaller ones, those
compounds demonstrate increased stability, requiring higher temperatures to break down. For
example, CF4is considered very stable, such that its destruction guarantees the destruction of
99.99% of other fluorinated organic compounds. Therefore, tracking CF4 might help determine the
destruction efficiency of fluorinated compounds. However, this study shows that in the case of
PFAS, tracking CFu4 is insufficient due to the complex nature of PFAS [16].

Several thermal treatment technologies are being implemented for wastewater solids
contaminated with PFAS. The increased adoption of thermal treatment as a remediation method
originated from improving wastewater, solid management, and energy efficiency.

PFAS thermal remediation studies have shown that PFAS highly depends on applied temperature,
soil type, initial concentration, and PFAS properties [17] [97]. However, this research only focused
on the effect of temperature and initial concentration on PFOA and PFOS destruction. The
following study also attempts to close fluorine mass balance and analyze emissions released to

better control sites where thermal remediation is in place.

3.2  Delimitations
The following experiments assessed the thermal remediation method for PFAS-laboratory
contaminated sand. PFOA and PFOS were evaluated during the experiments even though these

represent a small fraction of the large PFAS group, which consists of almost 3000 substances.
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3.3 Material and Methods

3.3.1 PFAS Spiked Sand Preparation

Stock solutions were prepared for each experiment by mixing PFOA (98%, CAS# 335-67-1) and
PFOS (97%, CAS 1763-23-1) purchased from SynQuest laboratories with 1000 mL of deionized
water in one-liter polypropylene bottles. The stock solution was then placed on a shaker for 48
hours at 170 revolutions per minute (rpm). The content of each stock solution was then added to

3 kg of silica sand (AGSCO Corporation, 40/70, density = 2.65 g/cm) and placed on a shaker to
completely dry. Individual batches of contaminated sand were created for each experiment. For
mass balance and analytical purposes, only ~25 mg of PFOA and ~25 mg of PFOS were initially
present in the sand for all temperatures regardless of the initial concentrations. Triplicate pre-
treatment and post-treatment contaminated sand samples were collected, analyzed, and averaged
for each experiment.

3.3.2 Heating Cylinder Apparatus

One custom-made one-liter cylinder was fabricated to hold sand during the heating experiment.
The cylinder was made of a single 10.2 cm inner diameter and 13.2 cm long stainless-steel tube
with two removable endplates (Figure A.1). The cylinder had four connections in the top plates,
two used to connect thermocouples (TC) (Omega TJ36-CASS-14U-6-CC-XCIB), one to connect
to an external air line supplying air to the cylinder using a mass flow controller (FMA-1608A,
Omega Ltd.), and one to connect to a 0.25-inch outer diameter copper outlet tube to capture
emissions.

The cylinder was heated in a convection oven (Carbolite Gero). The copper tube transporting the
released emissions was threaded through an opening on the side of the oven. The emissions

temperature leaving the oven was monitored using T-type TC (Omega, SA1XL-T). The copper
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tube carrying the emission from the cylinder was connected to a Graham condenser (Cole-Parmer
CNG200) using a rubber stopper (Figure A.2). The condenser was used to reduce the temperature
of the volatile gas to provide the ideal manufacturer operating conditions for the XAD tubes (39 to
50 °C). Cooled vapors from the Graham condenser were routed through a vacuum adaptor into a
PFAS emission collection to sample for: (i) targeted PFAS, (ii) suspect screening for PFAS, and
(iii) fluoride ion. TC measurements were recorded using a data logger (DT9805, Data Translation
Inc). The cylinder was weighed before and after loading with sand to ensure that sand was accurate

for mass balance calculations.

3.3.3 PFAS Emission Collection System

A PFAS collection system was used to trap all released PFAS during heating (Figure 1). A series
of XAD sorption tubes (ZST-002, Zefon International) was employed to trap the cumulative
emitted hydrophobic PFAS from the sand. Each sorption tube was divided into two sections. Both
sections contained pure coconut charcoal, 20/40 mesh, thermally activated at 600 °C (Figure A. 3).
Following the sorption tubes, the gas emission passed through a series of three midget impingers
(CG-1820-01 Chemglass) used to measure the fraction of hydrophilic PFAS that escaped from the
GAC and any fluorine ion from defluorination. The last impinger connected a vacuum pump (Zeny
3.5 CFM single-stage 5 Pa rotary vane economy vacuum pump) and flow totalizer (FMA-1608A
Omega Ltd.) to the entire system (Figure A. 4). All connections between the condenser, sorption
tubes, impingers, and pump were made using Y inch PVC vacuum tubing (Grainger,

WWGG4EGUS). In each experiment, the pump-induced flowrate was adjusted, representing
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approximately 5.3% of the injected air. Before each experiment, the system was leak-tested,
ensuring minimal leakage.

Following each experiment, the granular activated carbon (GAC) from each sorption tube and
water from the impinger was analyzed in triplicate for PFAS. The copper tubing, pipes, impingers,
and condenser were rinsed before and after each experiment with basic methanol (1% w/w
ammonium hydroxide), and these rinses were sent in triplicate for PFAS testing. Soluble fluoride
analysis was also conducted on a 1 g subsample of the impinger water and post-treatment sand
through aqueous extraction and analysis with a fluoride ion-selective electrode (IES). All glassware

and cylinders were cleaned using a standard cleaning producer.
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Figure 1 A) Picture of the setup showing to the right the cylinder holding the PFAS contaminated sand
inside the oven, and to the left the gas capture system. B) Schematic representation of the heating and
emission collection system (from right to left).
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3.4 Experimental Analysis

3.4.1 PFAS Targeted Analysis

PFAS-amended solid materials (sand and GAC) were extracted using basic methanol (1%
ammonium hydroxide w/w%) at a ratio of 1:10 solid/solvent with a 2-hour agitation in an end-
over-end shaker at 170 rpm. Samples were centrifuged at 4000 rpm for 15 minutes, and aliquots
were transferred to high-performance liquid chromatography (HPLC) vials for PFAS analysis.
Liquid samples were directly subsampled into HPLC vials for analysis. Samples were diluted with
basic methanol to achieve a PFAS concentration below 200 pg/L. Samples were analyzed using a
Zorbax C18 Eclipse column on an Agilent 1260 HPLC coupled to an Agilent 6460 LC-MS/MS
utilizing multiple-reaction monitoring (MRM) mode.

3.4.2 PFAS Suspect Screening Analysis

High concentration samples were analyzed using ddMS2 full scan mode at 60,000 resolutions in
both positive and negative polarity on a ThermoFisher Exploris 120 Orbitrap coupled to a Vanquish
UHPLC system using a 100 mm x 2.1 mm x 3.0 um ACME C18 analytical column and paired
guard column. The elution profile started at 90% A/10% B, transitioning to 100% B over 8 minutes,
holding for 2 minutes, then equilibrating at starting conditions for 5 minutes. The potential
transformation by-products were identified by subtracting chromatograms of dose 0 samples from
chromatograms of dosed samples and visually inspecting the resulting chromatogram for new
peaks. Where analyte intensities allowed, MS/MS data were used to confirm the transformation
products identified. If possible, these products were compared to known masses of by-products in

the literature.

3.4.3 Soluble Fluoride Analysis
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PFAS-amended sand material was extracted using deionized water for 48 hours at a ratio of 1:4
solid/solvent with agitation using an end-over-end shaker. Liquid samples from the impingers were
directly sampled without pre-treatment. Extracted solid samples were centrifuged for 20 minutes,
after which 1 mL of each supernatant was transferred into a 15 mL centrifuge tube. One mL of
total ionic strength adjustment buffer (TISAB) was added to the 15 mL centrifuge tube. Finally,

the samples were analyzed using a fluoride ISE.

3.5 Results and Discussion
3.5.1 Experimental Phases

Experiments were conducted in two phases. Phase one explored high-temperature treatment at
550 °C, 500 °C, and 400 °C at high PFAS concentrations. The sand was spiked to create a final
concentration of 112 mg PFOA/kg sand and 129 mg PFOS/kg sand. Phase two evaluated treatment
at temperatures of 250 °C and 300 °C with PFAS concentrations at 25 mg PFOA/kg sand and 25
mg PFOS/kg sand to closely match the concentration profiles of some PFAS-contaminated sites
[98].

3.5.2 PFAS Post-treatment Sand Removal

3.5.2.1 Phase I: Post-treatment Sand Analysis
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Figure 2: (A) pre-and post-treatment PFAS1s concentrations for PFOS and PFOA contaminated sand
(B.D.L =0.0002 mg/kg). (B) Fluorine mass balance on post-treatment experiments with spiked pre-
treatment sand adjusted by the 95% of emissions that were escaped by the fume hood. Post-treatment
PFASs in the soil is plotted for all temperatures but is too small to be visible.

To study the behavior of PFAS under increasing temperature, PFAS-spiked sand was subjected to
temperatures ranging from 400 °C to 550 °C for 75 minutes. This period was chosen because previous
studies have shown that PFAS volatilizes between 15 and 45 minutes, and treatment times longer than
75 minutes will not lead to higher PFAS removal [97]. Therefore, to improve our understanding of
the composition changes occurring in the sand and emission, individual tests were conducted at each
target temperature for 75 minutes.

Figure 2.A shows that the pretreated PFAS concentrations for the spiked laboratory-created sand at
550°C, 500°C, and 400°C were 112 mg PFOA/Kkg sand and 129 mg PFOS/kg sand. At 550 °C, both
PFOA and PFOS resulted in >99.99% removal efficiency. Decreasing the temperature to 500 °C
resulted in 99.99% and 99.93% removal efficiency of POFA and PFOS, respectively. PFAS reduction
detected in sand samples heated to 400 °C for 75 minutes resulted in 99.97% and > 99.99% removal
efficiency of PFOA and PFOS, respectively.

These experiments showed that PFOA and PFOS could be removed below the detection limit at any
temperature above 400°C, even at high PFAS concentrations [99] [100] [24]. Traces of long-chain

PFAS (> Cs) was present in the untreated sand, likely derived from impurities in the stock solutions,
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as the only PFAS compounds used in the study were PFOA and PFOS (more details in Appendix F:
PFOA and PFOS Pre- and Post-treatment Concentrations ).

The mass balance was plotted with all the reliable quantified data for the experiments with spiked
pre-treatment PFAS. It includes residual PFAS1s in the post-treated sand and emissions. It also
contains fluoride detected in the impingers and post-treated sand that can result from PFAS
defluorination (Figure 2.B).

5.2% of the emissions were sent to the emission collection system to quantify the varying PFAS in
the gaseous emissions, with the remaining vented to the fume hood. Overall mass balance
calculations are based on the quantitative data from the emissions capture system with the
assumption that the PFAS emissions vented to the fume hood would be of a similar qualitative and
quantitative composition.

PFAS heated at 550 °C in the presence of air resulted in almost complete fluorine recovery. Most
of the fluorine recovered came from the emissions. This result shows that PFAS are highly resistant
to mineralization even at 550 °C. This suggests that such temperatures are sufficient for volatilizing
and thermally degrading PFAS to smaller chains but not enough to cause complete defluorination.
At 500 °C, only 60% of the initial fluorine was recovered the majority coming from PFAS in the
emission. At 400 °C, 45 % of the fluoride was recovered from PFAS in the emissions, with 2%
resulting from fluoride in the impinger and post-treated sand. This study shows that heating PFAS
in an oven between 400 °C and 550 °C can achieve volatilization but cannot destroy the compound.
In addition, as temperature increases, more PFAS is being transformed and desorbed from the sand

into the emissions.
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Figure 3: (A) pre-and post-treatment PFAS1s concentrations for PFOS- and PFOA contaminated sand
(B.D.L =0.0002 mg/kg) at 250 °C and 300°C (B) Fluorine mass balance on post-treatment experiments
with spiked pre-treatment sand.

While treatments at high temperatures can reduce PFAS concentration even at high contamination
levels (>200 ppm), lower temperature remediation may have substantial cost savings. Therefore,
additional testing was performed at 300 °C and 250 °C. For these tests, the sand was spiked to 25
mg PFOA/kg sand and 25 mg PFOS/kg sand to closely match some PFAS concentrations in the
field. Heating PFAS-contaminated sand samples to 300 °C and 250 °C for a hold time of 75 minutes

resulted in PFOA and PFOS remaining above regulatory guidelines (Figure 3.A).
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At 300 °C, PFOA and PFOS achieved a removal efficiency up to 98.9% and 83.593%, respectively.
Whereas at 250 °C PFOA reached 87% removal efficiency, and PFOS was approximately 83%.
The lower desorption potential of PFOS than PFOA at 300 °C and 250 °C indicates that the
functional group is an important factor influencing the desorption potential of PFAS. This
observation demonstrates that PFSA is more strongly sorbed to sediments than PFCA, causing the
lower desorption potential of PFOS [101] [102]. In addition, this data matches the reported boiling
points of sulfonate-based vs. carboxylate-based PFAS, as sulfonate-based PFAS exhibit higher
boiling temperatures [17].

At 300 °C and 250 °C shorter chain PFCAs such as PFBA, PFPA, PFPeA, PFHxA, and PFHpA
showed PFAS generation (i.e., negative removal). This might be explained by the presence of
unidentified precursors in the pretreated sand that can degrade into PFCAs [103] [104], another
reason could be that these temperatures were high enough to transform PFOA and PFOS into
shorter chain PFCAs but were not enough to desorb them from the sand matrix. This is a concern
as shorter chain PFAS usage has increased since the ban on Cs -based PFAS. PFUNDA (Ci1) was
detected in the pretreated sand at 250 °C and 300 °C, originating from impurities in the stock
solution. These results are consistent with previously published data demonstrating that 350 °C is
the minimum temperature required to remediate PFAS to acceptable levels [97].

Figure 3.B shows that at 300 °C and 250 °C, 24% the fluoride was recovered. Most of the fluoride
recovered at 300 °C, and 250 °C was found in the post-treatment sand coming from PFOA and
PFOS in their unaltered form. A considerable extent of captured but unquantified fluoride was
missing despite extensive efforts to account for all the emissions. For future studies, additional
testing for total organic fluorine (TOF) and volatile organic fluoride (VOF) may be helpful to

complete the mass balance.
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3.5.3 PFAS GAC Breakthrough and Distribution in the Impingers

The emission gas capture line for the experiments was divided into two sections. The first section
included five sorption tubes, and the second section three impingers, all connected in series. Figure
4 shows the distribution of the PFAS released by the sand in the two gas capture sections. At
550 °C, 500 °C, 400 °C, and 250 °C, the majority of the PFAS (> 94%) released were captured by
the sorption tubes. Traces of PFAS were trapped by the second section of the emission train (i.e.,
impingers), providing evidence that very few PFAS breakthroughs occurred from the XAD tubes.
However, at 300 °C, 78% of the PFAS was found in the impinger. The breakthrough was due to

possible leakage in the emission train.
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Figure 4: Percentage of PFAS captured by the XAD vs. Impinger in the emission line

44



3.5.4 PFAS Distribution in Different Heat Sinks
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Figure 5: PFAS recovered after thermal treatment at 550 °C, 500 °C, and 400 °C for 75 minutes
in different recovery sinks.

Figure 5 shows that heating PFAS-impacted sand samples at 550 °C for 75 minutes resulted in
more PFAS getting captured by the emissions than that at 500 °C, 400 °C, 300°C, and 250°C. At
550 °C, the sorbent tubes captured almost 3179 ug of PFAS. However, at 500 °C and 400 °C, the
detected PFAS in the GAC was 1540 pg and 1063 g, respectively. If the temperature was reduced
even further to 300 °C and 250 °C, the amount of PFAS captured by the GAC was decreased to 88
Mg and 167 ug, respectively. This result indicates the effect of temperature on the thermal
desorption of PFAS. The higher the temperature, the more PFAS released from the contaminated
sand and captured by the GAC. PFAS was also recovered from the post-methanol rinse of the
emission system. Previous studies have shown that substantial adsorption of PFOA was observed
on tubes made from polypropylene (PP) and glass. In these experiments, all the emission pieces of
equipment were rinsed with basic methanol three times. The highest PFAS recovered from the

methanol extract was after treatments at 550 °C and 400 °C.
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3.5.5 PFAS Emission Analysis at Different Treatment Temperatures
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In most experiments, shorter-chain PFAS with carboxyl and sulfonate functional groups that were
not detected in the pretreated porous media mixtures were observed in the emissions. This
demonstrates that PFAS heated in the sand mixture were released and transferred to the XAD tubes
in substantially altered smaller-chain forms.

The highest amount of ultra-short chain PFAS captured by the emission system was at 550 °C, with
1716 pg being captured and distributed among TFA (1099 ug) and PFPA (616 pg), contributing
to 50% of the emissions (Figure 6.A). At 500 °C, 347 ug of ultra-short chain PFAS were released,
with 323.82 g belonging to TFA and 23.21 ug to PFPA, representing 22% of all emissions. At

400 °C, 300°C, and 250°C, TFA and PFPA were almost absent.
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Ca4 to C7 PFAS were detected at all treatment temperatures, with the majority at 500°C (150.572
Hg). Cs to C7 PFAS show that PFOA and PFOS were transformed through +H/F- exchange and
dissociation of the functional group. However, unlike the previous PFAS at 550 °C, the temperature
was not high enough to sustain the transformation of PFOA and PFOS down to C2 (TFA) and Cs
(PFPA) PFAS with high masses. The majority of the C4 to C7 PFAS came from PFHpA, the highest
being at 500°C with 67.027 pg getting captured.

The mass of all long-chain PFAS (Cs to Cis) captured by the emission line at 550 °C was the highest
of all treatment temperatures (approximately 6 pg). The long-chain PFAS were mainly PFDA and
PFNA, with small amounts of Ci3 and Cai4 detected at 550 °C and 500°C. At 400°C, 300°C, and
250°C, the mass of PFNA and PFDA were lower than that at 550 °C and 500 °C, with no PFAS
with carbon chain length greater than Ci2 being detected. Even though the amount of long-chain
PFAS was much less than that of shorter PFAS, it can still have environmental impacts as longer-
chained PFAS tend to be more toxic and bio accumulative [105] [97] [106].

Cs PFAS captured by the emissions increased with increasing temperature (550 °C >500 °C
>400 °C >250 °C). Most of the Cs PFAS came from PFOA and PFOS in their unaltered form. At
300 °C and 250 °C, a large mass of the initial PFOA and PFOS was still present in the post-treated
sand, indicating that those temperatures can achieve limited thermal desorption.

These results show that PFHpA, PFHxA, and PFPeA (Cs to C7) are the main PFOA degradation
products at 400 °C, 300 °C, and 250 °C, whereas TFA and PFPA are more favored at 550 °C and
500 °C. In addition, PFAS carboxylates were present (PFHpA, PFHXA, and PFPeA), but sulfonates
were almost absent. Only 1.029 pg and 2.36 pug of PFHpS were found at 550 °C and 500 °C,
respectively. Carboxylate versions of the sulfonates may be breakdown products (PFOS = PFOA,
PFHXS = PFHXA, PFBS =» PFBA). PFNA and PFDA were the most detected long-chain PFAS

for all treatment temperatures. Therefore, further studies are required to study the fate of these two
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PFAS during the thermal degradation of PFOA and PFOS since they might further transform into
shorter chain PFAS at higher temperatures or longer residence time. The data from Figure 3 and
Figure 6 show that PFOA and PFOS are always transforming, whether they are sorbed to the sand
particle or suspended in the emissions. For example, experiments at 300 °C and 250 °C detected
PFAS transformational products in the emissions and post-treated sands. Therefore, transformation
is not just limited in the contaminated matrix, PFAS transformation can occur in the emissions

released during heating (Figure 7).
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Figure 7: Schematic representation showing the transformation of PFOA and PFOS on the sand matrix and
emissions

3.5.6 PFAS Transformation Products at 550°C

PFAS mass balance showed that as much as 70% to 80% of the initial amount of PFAS was
missing. This result might be due to the formation of unknown organofluoride compounds from
PFOA and PFOS that require greater analytical coverage. Therefore, liquid chromatography high-
resolution mass spectroscopy (LC-HS-MS) was used on the first sorption tube at 550 °C since many
short, and long-chain PFASs were detected.

The chromatogram of Figure 8. A shows the peak at 5.9 minutes representing
Perfluorohexadecanoic acid, PFHXDA (Cis). A previously constructed computational fluid

dynamic combustion model developed to simulate the destruction of C1 and C2 PFAS revealed that
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at temperatures above 930 °C, a hydrogen abstraction of a CFs-H bond could cause the formation
of the trifluoromethyl radical (CFs *), which can undergo further reactions with other fluorinated
species to form larger PFAS molecules [107]. Therefore, these data indicate that reactive PFAS
radicals are not experiencing further degradation. Instead, they promote recombination with other

PFAS at relatively moderate temperatures to form longer PFAS compounds.

3.5.6.1 Products of Incomplete Degradation

Unsaturated PFAS such as 4)5,6,6,7,7,8,8,8-nonafluorooct-2,4-enoic  acid  and
2,3,4,5,6,6,7,7,8,8,8-undecafluorooct-2,4-enoic acid (Figure 8.B and Figure 8.C ) were detected in
the first sorption tube. These PFOA mineralization products can result from a series of fluorine
removals from the PFOA backbone, with double bonds forming to maintain overall chain stability.
Both compounds are very similar, with 2,3,4,5,6,6,7,7,8,8,8-undecafluorooct-2,4-enoic acid having
fluoride instead of hydrogen attached to the carbon with the double bonds. In the presence of water,
these compounds should oxidize rapidly to smaller-chain PFAS, but since the GAC was extracted
with methanol, no water was present to oxidize these double bonds. Intermediate products indicate
that defluorination can occur on the carbon backbone and is not limited to the ionic head. However,
additional studies are required to adequately describe the chemistry of all the intermediate by-

products.
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Figure 8: Full scan base peak MS chromatogram of the methanol extract of XAD-1 at 550 °C
showing the presence of (A) PFHxDA, (B) 4,5,6,6,7,7,8,8,8-nonafluorooct-2,4-enoic acid, and (C)

2,3,4,5,6,6,7,7,8,8,8-undecafluorooct-2,4-enoic acid.
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3.5.6.2 Perfluoroalky Amides (PFAAmMS)
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Figure 9: (A) Full scan base peak MS chromatogram of the methanol extract of XAD-1 at 550 °C shows
the peak's intensity at 6.52 minutes after removing the background noise. (B) Complete scan base peak
MS chromatogram of the methanol extract of XAD-1 at 550 °C, showing the relative abundance of a
perfluoroalkyl amide (CsHONFs) at 6.52 minutes.

The GAC also captured many PFAS containing nitrogen. These compounds have a long carbon
chain length, and it is challenging to determine which compounds are present. For example,
compounds with three nitrogen atoms on the carbon chain were detected (more details in Figure K.
1). The nitrogen found in the PFAS originates from the air supplied into the cylinder. At high
temperatures, oxygen atoms can attack the triple bond in N2, which will cause the formation of
nitrogen oxide (NOx) and nitrogen atoms (N). In addition, some hydrocarbon radicals that might
be present in the system (CHs, CHz, and CH, among others) will rapidly react with nitrogen (N2)
to form NOx or a reactive nitrogen intermediate (N20, cyanide, NNH) that can further oxidize into
NOx [108]. Therefore, the presence of a high amount of nitrogen oxides and free nitrogen radicals

causes the formation of some of the PFAS compounds.
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The chromatogram of Figure 9.A shows one large peak at 6.51 minutes after removing the
background noise. This peak represents a compound with a molecular formula of CsHONFs;
considering the mass retention time, the best candidate for this compound is a perfluoroalkyl amide
(PFAAms) which is very similar to PFOA except that the alcohol group has been replaced with an
amine group. The chromatogram of Figure 9.B shows the relative abundance of this compound
with its corresponding molecular weight, which further asserts that what we are identifying is
PFAAmMS.

No information is found in the literature about the thermal behavior of PFAAms. However,
previous results have shown that longer-chain PFAS, especially PFOA, tend to break down into
reactive radicals that form short and long-chain PFAS. Therefore, PFAAms should behave in a
similar pattern. Homologous series detection and high-resolution liquid chromatography-mass
spectroscopy was scanning repeating units -CF2- with an amide functional group to prove the
existence of a potential homologous series associated with PFAAms. The results showed Cs amides
up to Cizamides (Figure 10). The narrow retention time and the increasing m/z ratio further support
the chemical structure. These PFAS obtained have never been reported before. These unknown
PFAS suggest advancing the PFAS research beyond PFCA and PFSA and properly monitoring all

emissions released during any remediation process when applicable.
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Figure 10: full-scan base peak MS chromatogram of the methanol extract of XAD-1 at 550 °C showings:
(A) Cg to Czamides with their corresponding intensities, (B) Cgs to C1zamides with their corresponding
intensities.
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3.6 Summary of PFAS Recovered and Proposed Degradation and
Transformation Pathways
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Figure 11: PFAS detected in the first sdrption tube at 550°C with some of their proposed mechanisms.

The following section lists all the PFAS detected in the first sorption tube at 550°C with some of
the proposed degradation pathways. Figure 11.A shows that at 550°C, PFOS will be attacked by
OH- and lose a sulfonic acid ("SOsH) to transform into perfluoro octanol, which will also lose an
HF to transform into perfluorooctanoyl fluoride; the latter PFAS will get rid of an HF and get
attacked by OHe to transform into PFOA

PFOA already present in the sand and that formed from PFOS will then be attacked by a He to
create unsaturated PFAS with double bonds that are highly reactive and can transform into shorter
chains through the loss of HF and the release of CO:2 (Figure 11.B).

The presence of air (nitrogen and oxygen) at high temperatures will form a nitrogen complex (e.g.,
NOxe, N¢) that can attack PFOA to replace its functional group with an amide to form PFAAmMs.

Like PFOA, PFAAms will develop highly reactive and unsaturated PFAAms that can transform
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into short-chain PFAAms through the sequential loss of HF, and long-chain PFAAms by the
addition of CFs* Figure 11.C)

Figure 10.D shows some possible structures of those highly reactive unsaturated PFAS with various
double bonds on the carbon chain. These compounds are highly reactive and can oxidize rapidly
in the presence of water. We suggest that some of these unsaturated PFAS are the intermediate
products that allow PFOA and PFAAms to oxidize down to C2 PFAS and are responsible for
forming reactive CFs’ radicals that can form longer chain PFAS. Finally, figure 10.E confirms that

longer chain PFAS can be formed from PFOA and PFOS reactive radicals at 550°C.

3.7 Environmental Significance

Remediation technologies are needed for treating PFAS-contaminated soil. Especially as
landfilling PFAS-contaminated soils is becoming more complex and unaccepted due to
increasingly prohibiting regulations. Meanwhile, in-situ thermal remediation is a viable option
used with various contaminants. This study reveals that thermal remediation of PFAS-
contaminated sand is an effective treatment option. Heating sand at any temperature above 400°C
is expected to remove the PFAS from the soil, even at extremely high concentrations. However, it
is difficult to achieve complete mineralization at temperatures below 550 °C. The fraction of PFAS
mineralized is less than 2%. The PFAS that is not destroyed is mainly transformed into shorter-
chained PFAS and other fluorinated compounds that can be captured on GAC in the emissions. It
is reasonable to suspect that the fraction of PFAS mineralized can be improved with increasing
temperatures, but this approach can be cost-prohibitive. While remediation of PFAS in soil
represents success, it is acknowledged that emission needs to be carefully managed and accounted
for. Current thermal remediation sites should carefully monitor their emissions as some PFASs

released are unknown in terms of toxicity and bioaccumulation behavior. The results of this work
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showed the occurrence of perfluoroalkyl amides in the emission and provided strong evidence for
the need to monitor all emissions released during any treatment process. Future work should focus
on the transformation potential and toxicity of these newly detected PFAS presented in this thesis.
Until further advancement in taxological studies that can help determine whether those unknown
PFAS can be discharged or not, using GAC to trap all the emissions released during heating PFAS

can be an option for sites currently implementing this technology for treating soils.
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Chapter 4

4.1 Conclusions

This thesis focused on laboratory studies to assess the effectiveness of in situ thermal remediation
technologies on soil contaminated with PFOA and PFOS. Five studies were conducted at different
temperatures to determine the ability of heat to remediate PFAS-contaminated sand at a 75-minute
treatment time. The first three experiments were conducted at 550 °C, 500 °C, and 400 °C at a
PFAS concentration of 200mg PFAS/kg sand. The last two experiments were conducted at
temperatures 300°C and 250°C at PFAS concentrations of 50mg PFAS/kg sand. Post-treatment
sampling from these experiments was used to assess the different transformation products in the
sand pre-and post-treatment. A method was developed to identify and quantify, when possible, the
compounds released by the emissions. This research presents a comprehensive study of fluorine
mass balance under thermal remediation. The following is a list of objectives addressed during the
experiments with the corresponding contributions from this work:

1- Objective: Evaluate the ability of heat to remediate PFAS-contaminated sand in situ over

a range of temperatures (550 °C, 500 °C, 400 °C, and 300 °C) in the presence of air.

Results: High concentrations of PFOA and PFOS were reduced to low or non-detectable values at
treatment temperatures of 550 °C, 500 °C, and 400 °C. At 300 °C and 250 °C, the heat was
insufficient to allow the PFAS to be removed below screening values, even at low concentrations,
causing some short-chain PFAS that were not found in the pre-treated sand to be detected in the
post-treated sand—proving that lower temperatures can remove the PFAS from the soils. However,
temperatures above 400 °C are required to drop it below soil screening values.

2- Objective: Gain knowledge about the transformation products released during the heating

process by measuring a broad suite of PFAS, including PFCAs and PFSAs.
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Results: Emissions results indicated that PFAS are being transformed during thermal treatment.
During thermal remediation, chain shortening, chain combination, and hydrogen/fluorine
exchanges occur. The non-targeted analysis demonstrated that a wide variety of shorter-chain
fluorinated products are formed during heating. The predominant PFASs released were TFA and
PFPA at 500 °C and 550 °C, while at 400 °C, 300 °C, and 250 °C, PFHpA and PFHXA were the
main PFASs released. PFDA and PFNA were also the primary long-chain PFASs detected in the
emissions at 550 °C and 500 °C treatments.
3- Objective: Complete Fluoride mass balance to better understand PFAS fate during thermal
remediation.
Results: A suite of analytical methods was implemented during heating to measure the fraction
of PFAS completely mineralized and shorter/longer chain compounds that can be formed.
Challenges were reported while attempting to complete the fluorine mass balance. At high
temperatures >400°C, most of the fluorine recovered was from the PFAS in emissions. Around
~2% originated from soluble fluoride ions made available by PFAS defluorination.
At 300 °C and 250 °C, 13.4% and 18% of the fluoride was recovered, respectively. Most of
the fluoride recovered at 300 °C, and 250 °C was found in the post-treatment sand, while less
than 1% in the emission. Most fluorine ions found in the post-treated sand and emissions at
300°C and 250°C originated from PFOA as organic fluorine. Therefore, completing a fluoride
mass balance was challenging. Turner et al. (2020) showed that fluoride binds to the soil and
is not accessible analytically after remediation, which can result in an incomplete mass balance.
4- Obijective: Track down any new classes of PFAS transformational products using advanced
analytical techniques to understand better the different types of PFAS released during

thermal remediation and their implication for future thermal work
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Results: The results revealed previously unknown PFAS degradation products. For example,
4,5,6,6,7,7,8,8,8- nonafluorooct-2,4-enoic acids, 2,3,4,5,6,6,7,7,8,8-undecfluorooctane-2,4-enoic
acid, and perfluorooctanamide homologous series were detected in the emission line in XADz at
550 °C. This research shows that when PFAS-contaminated sand is exposed to high temperatures,
nitrogen in the air can transform into reactive complexes that can attack PFAS to form a wide
variety of products that haven’t been documented before. More than 2000 PFAS compounds were
detected in the emissions at 550°C, some containing more than three nitrogen atoms on the carbon
chain itself, suggesting that there are additional PFAS in the soil that cannot be identified using
current analytical methods until a proper understanding of the ecological behavior of those

compounds’ emissions released by heating PFAS should be collected and monitored.

4.2 Recommendations

This research investigated the different types of PFAS released during thermal remediation. All
research for this work was done in controlled laboratory experiments. As a result, there are
important questions that require additional investigation.

e PFOA and PFOS, adequate remediation temperature is above >400 °C even at high
concentrations. However, a naturally contaminated site may contain many PFAS and other
contaminants (organic matter) that can act as a medium for PFAS sorption. Therefore, these
recommendations might need to be adjusted in field experiments.

e Continuous analysis is required to quantify and qualify the unknown and shorter-chain
fluorinated compounds released during heating.

e Explore options to increase the mineralization of PFAS released in the emissions. Either by
adding an extra treatment stage that can recycle heat to raise the temperature of emissions

or by trapping them using granular activated carbon.
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Monitoring and carefully managing the by-products released at sites where thermal
remediation is implemented. Thermal remediation should take place in a controlled
environment to prevent the wet and dry deposition of PFAS vapors.

Explore some of the toxicity and environmental behaviors of perfluoroalkyl amides.

Use the intermediate products detected in this study to understand the mechanisms of PFAS

destruction better.
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Appendices

Appendix A: Pictures of the Laboratory Setup

PFAS emission line
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Figure A.1:Cylinder unit holding PFAS-contaminated sand, with PFAS emission line, air line, and
thermocouples connected to the top plate. Clay insulation was used to minimize the leakage.
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Figure A.2: First section of the PFAS emission system. The emission line extends from the opening at the
side oven into a Liebig condenser. An air line passes through the opening into the cylinder, providing air

to the cylinder holding PFAS-contaminated sand.
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Figure A. 3: Sorbent tube containing pure coconut shell charcoal 20/40 mesh thermally activated at 600

°C with polyurethane foam and glass wool sealed in glass.
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Figure A. 4: Experimental setup showing the PFAS emission system outside the oven.
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Appendix B: PFAS Cylinder Setup and Temperature Profiles

One custom-made 1 L cylinder was fabricated to hold sand during the heating experiment. The
cylinder was made of a 10.2 cm inner diameter and 13.2 cm long stainless-steel tube with two
removable end plates secured using stainless steel quick clamps and high-temperature vermiculite
gaskets (McMaster Carr #1089N18). The cylinder had four connections in the top plate, two were
used to connect thermocouples, one was connected to an external air line that supplied air to the
cylinder using a mass flow controller (FMA-1608A, Omega Ltd.), and one connected to a 0.25-
inch outer diameter copper outlet tube to capture emissions.

Compression fittings (Swagelok SS-400-2BT) were used to secure all connections. Two (K-Type)
high-temperature lead wire rugged thermocouples (Omega TJ36-CASS-14U-6-CC-XCIB) were
fitted into the cylinder, allowing for temporal and special measurements for each experiment. The
first thermocouple labeled “center” was inserted in the center of the top plate and extended 9 cm
into the cylinder (almost at the center of the packed sand). The second thermocouple labeled “edge”
was inserted at the midpoint between the center and the cylinder's edge and extended 9 cm into the
cylinder. Thermocouple measurements were recorded in 3-second intervals using a data logger
(DT9805, Data Translation Inc., Marlborough, MA).

The cylinder was filled with PFOA and PFOS-contaminated dry silica sand (AGSCO Corporation,
40/70, density = 2.65 g.cm™). Once the sand was packed in place, a stainless-steel mesh (70 x 70
mesh size, 0.17 mm) with two holes for thermocouple access was placed on top of the dry sand.
The mesh was used to prevent the rearrangement of the sand grains while the air was supplied,
which would potentially cause clogging of the copper tube by sand particles. Each cylinder was
weighed before and after loading with sand to ensure that the amount of sand added was accurate

for mass balance purposes.
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The cylinder was heated up in a convection oven (Carbolite Gero). The cylinder was connected to
a copper tube threaded through an opening on the side of the oven, acting as an outlet for the
volatile gas produced in the cylinder during heating. The gases inside the copper tubes leaving the
oven were monitored using T-type thermocouples. The copper tube from the cylinder was
connected to a Graham condenser (Cole-Parmer CNG200) using a rubber stopper. The condenser
was used to reduce the temperature of the volatile gas to provide the ideal operating conditions for
the XAD system. Cooled vapors from the Graham condenser were routed through a vacuum
adaptor into a PFAS emission collection.

Three representative samples of the pre-treatment contaminated sand were collected for analysis
for each experiment. The oven was preheated until it reached the desired temperature. The oven
door was then opened slowly to prevent rapid temperature drops, and the cylinder was connected
to the emission air line via fittings. A set air flux was introduced through the air line at the top of
the cylinder using a mass flow controller (FMA-1608, Omega Ltd). Once the temperature of the
sand covering both thermocouples and the gas leaving the emission line reached the targeted
temperature, the vacuum pump was turned on. The average peak temperature for each experiment
was monitored by a data logger (DT9805, Data Translation Inc., Marlborough, MA). Figure B. 1
shows the heating of the sand for the experiment at 550 °C. Channels (Ain-1) and (Ain-3) show the
temperature of the sand inside the cylinder. Channel (Ain-4) shows the temperature of the gas
leaving the cylinder into the emission line. Approximately 4 hours and 28 minutes were required
for the sand to reach 550 °C, and an extra 30 minutes for the emissions released. Sand samples
were collected in triplicate, analyzed, and averaged for each experiment. Even though the
temperature of the sand was the same at the walls and edge of the cylinder, samples were collected
from the center of the treatment zone at different elevations to capture all the PFAS present at

different heights in the cylinder and avoid any heat losses at the walls of the cylinder.
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Figure B. 1: Temperature of heated sand at different thermocouple locations inside the cylinder
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Appendix C: PFAS Analysis Procedure

Ci1 Solid Sample Extraction

Sand samples were extracted by adding 10 mL of basic (1% ammonium hydroxide w/w) high-
performance liquid chromatography (HPLC) grade methanol (CAS 67-56-1) to 1 gram of sand in
a 15 mL c-tube. For the GACs, the entire tube was opened and added into 15 mL c-tubes, to which
10 mL of basic methanol was added. Some protocol adjustments were made by adding all the
content of the sorbent tube, including glass wool, glass fiber filter, and polyurethane foam, into the
15 mL c-tubes. The samples were vortexed for 45 seconds and placed on an end-over-end shaker
rotating at 70 rpm for 48 hours. The supernatant was filtered through a Whatman 0.45 mm glass
microfiber filter into a 15 mL centrifuge tube at 4000 rpm for 15 minutes. A 1000 pl subsample
was placed into an HPLC vial for analysis. Any sample above 200 pg/kg was diluted with basic
methanol to below 200 pg/kg. Liquid samples were directly sub-sampled into an HPLC vial for
analysis.

Additionally, one of every ten samples was spiked with mass-labeled surrogates before extraction
to track extraction efficiency. Every tenth vial was spiked with 100 uL. of PFDoA as an internal
standard to track HPLC-mass spectrometer (MS) drift. Concentrations were not corrected based on
mass-labeled surrogates, as recoveries were between 97-103% in all cases. Laboratory solvents
were purchased from Fisher Scientific.

C.2 PFAS Targeted Analysis

Calibration standards for 13 compounds were analyzed. PFBA, PFBS, PFDA, PFDoA, PFHpA,
PFHxA, PFHxS, PFNA, PFOA, PFOS, PFOSA, PFPeA and PFUnA were prepared using basic

methanol from solid reagents at a range of 0.1 to 250 ppb. Continuing calibration verification
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(CCV) was performed at the beginning and end of each experiment at 0.4 ppb to 100 ppb. These
CCV samples were prepared using high purity liquid standards.

Liquid chromatography was performed on an Agilent 1260 Infinity Series Bio-Inert HPLC system
implementing two mobile phases. The first was HPLC-grade water with ammonium acetate
(2 mM). The second was methanol with ammonium acetate (2 mM). The gradient was delivered at
a 0.4 mL/min flow rate and a 10 pL injection volume. A Zorbax Eclipse Plus C18 Column was
implemented simultaneously with a paired guard column. Initial eluent conditions were 94% water
and 6% methanol. The methanol percentage was increased to 100% over six minutes, held at 100%
methanol for eight minutes, and then decreased for 11 minutes. The column was then allowed to
re-equilibrate to the initial eluent concentration for four minutes before the subsequent sample
analysis.

An Agilent 6460 Triple Quadrupole Mass Spectrometer LC-MS/MS operating in negative
electrospray ionization mode running in MRM mode was used for sample analysis. Two MRM
transitions were included for all analytes, but some analytes only had a single transition available.
Each transition had a dwell time of 120 ms. The transitions were analyte-dependent and the same
as those used previously for the mentioned suite of 13 PFAS.

The instrument operated at the optimal source parameters: voltage, 4,000*V; curtain gas flow, 35
arbitrary units (au); nebulizer gas flow, 50 au; turbo gas flow, 50 au; medium collision gas flow;
and source temperature, 650 °C. Nitrogen was supplied from a NitroFlow gas generating system
and was used for the drier and nebulizer gas, and a nitrogen tank was used as the curtain and
collision gas. Quantification was performed using Masshunter Quantification Software with a
calibration curve with an R? value greater than 0.99. The quantitation limits were analyte, matrix,

and run-dependent but were approximately 1 ng/g in the sand and 0.4 ng/mL in aqueous samples.
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Limits of detection were also analyte, matrix, and run-dependent but were about 0.1 ng/g in the
sand and 0.01 ng/mL in aqueous samples.

C3 PFAS Suspect Screening Analysis

It is important to acknowledge that the mass spectrometer used for this suspect screening analysis
is not made for this purpose. It does not have the resolution to allow high confidence mass target
matching. Using a liquid chromatography high-resolution mass spectrometer (LC-HRMS) would
have benefited this study. This suspect screening was only used to measure semi-qualitative data.

Suspect screening analysis was performed high to try and quantify the possible formation of by-
products that have been observed in various remediation studies. The objective was to watch larger-
chained PFAS transformation (PFOA, PFOS) into shorter-chain carboxylates. A list of compounds
was compiled from the literature. This list consists of TFA, PFPA, PFBA, 6:2 FTCA, and single
H/F-exchanged carboxylate PFAS.

The suspect screening was performed on the same instrument set-up used for targeted analysis,
except a 150 mm analytical column was used to improve analyte separation. For suspect screening
analysis, 10 methanol blanks were injected into the system to eliminate any background
contamination. A solvent blank, reagent blank, method blank, pre-contaminated sand, clean GAC
sample, and emission-capture GAC samples were analyzed sequentially using a mass scan mode.
The emission-capture GAC samples had masses not found in any pretreated sand samples,
indicating some PFAS transformation products. The masses obtained from the emission-capture
GAC sample were compared to the suspect compound list, with many masses matching those of

suspect compounds.

C4 Fluoride ion-selective electrode (ISE)

79



One gram of sand was weighed into a 15 mL centrifuge tube, and 4 ml of DI water was added. The
sample was placed on a shaker for 48 hours at 170 rpm and then centrifuged at 4000 rpm for 20
minutes. Two ml of the supernatant was transferred into a 15 mL centrifuge tube, and 1 mL of the
TISAB (Fisher Scientific) was added. A calibrated Fisher Scientific Orion ISE was placed into the
sample, and measurements were recorded when the reading was stabilized. The detection and
quantification limits were approximately 1 ppm and 0.5 ppm, respectively. The method was

modified from EPA Method 9214.
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Appendix D: Quality Control and Quality Assurance Guidelines

Sample triplicate results consistent with a relative percent deviation of less than 30% were
considered acceptable. All method blanks, reagent blanks, and instrument blanks were below the
quantification limit for the methods used. Instrument duplicates analyzed at the start and end of
each sample run were within acceptable guidelines (<30% deviation). Mass-labeled surrogate
recovery for sand extraction methods was adequate (between 70-130%). Internal standards (IS)
used to track instrument drift was permissible (<30% instrument response drift over the analysis

period, confirmed through both instrument duplicates and IS tracking).
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Appendix E: Experimental Cleaning Procedure
All Samples bottles, glassware, and cylinder for the four experiments were rinsed three times with
deionized water, followed by three rinses with methanol (CAS 67-56-1) and three times with
isopropyl alcohol (CAS 67-63-0). All copper tubing and PVC tubing were replaced for each
experiment. The cleaning protocol was adjusted to ensure no contamination between experiments

and when collecting samples.
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Appendix F: PFOA and PFOS Pre- and Post-treatment Concentrations

Table F. 1: PFAS in Pre- and Post-Treatment Media (ppm) at 550°C,500°C, and 400°C

PFAS name PFAS-spiked Post-treatment  Post-treatment  Post-treatment

sand (mg/kQg) 550 °C 500 °C 400 °C

PFOA-Cs 112.570+ 9.00° B.D.L® 0.080 0.030
PFOS-Cs 129.011 + 10.32° 0.020 0.080 B.D.L2
PFHxDA-C11 0.0100 B.D.L 0 B.D.L?

3B.D.L =0.0003 mg/kg
Uncertainty of the pre-treatment PFAS;3 were calculated using the 95% confidence interval of the concentration measured by the analytical method.

Table F. 2: PFAS in Pre- and Post-Treatment Media (ppm) at 300°C and 250°C

PFAS name PFAS-spiked sand (mg/kg) Post-treatment 300 °C Post-treatment 250 °C
TFA-C; B.D.L 0.011 0.010
PFPA-C3 B.D.L 0.975 0.010
PFBA-C4 B.D.L 1.866 0.020

PFPeA-Cs B.D.L 0.071 0.100
PFHXA-Cs B.D.L 0.141 0.560
PFHpA-C; B.D.L 0.196 1.651
PFOA-Csg 25.655+2.25" 0.220 3.250
PFOS-Csg 25.960+2.07° 3.815 4.991

PFOSA-Cs B.D.L B.D.L 0.010

6-2FTSA-Cs B.D.L B.D.L® 0.010
PENA-Cy B.D.L B.D.L 0.010

PFDA-C1o B.D.L B.D.L 0.010

PFUNDA-Cy; 2.9 0.010 0.010

2B.D.L = 0.0002 mg PFAS/kg solid.
Uncertainty of the pre-treatment PFAS;g were calculated using the 95% confidence interval of the concentration measured by the analytical method.
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Appendix G: Mass of Fluorine Recovered from Each Experiment

Table G. 1: Estimated Fluorine Mass (p1g) in Sand and Emission at 550°C, 500°C, 400°C, 300°C, and 250
°C only accounting for 5% of the emission that are being captured

Temperature Pre-treatment  Post-Treatment PFAS in Fluoride ion  Fluoride lon
porous media  PFAS in Sand (ug Emission Post-treated  Impingers (F-)
(ug F) F) System (ugF) Sand (F-)

250°C 39722.064 7002.096 118.377 293.797 3.081

300°C 31448.776 3641.890 164.958 406.854 19.429

400°C 32196.550 3.765 749.527 289.381 3.482

500°C 32196.550 20.857 997.520 452.220 3.399

550°C 32196.550 17.882 1875.819 373.081 3.346
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Appendix H: Mass of Individual PFAS captured by the Emissions

Table H. 1: Mass(ug) of the individual PFAS18 captured by the emission

PFAS on emission (ug)

PFAS Name 250°C 300°C 400°C 500°C 550°C
TFA-C; 0.449 1.546 B.D.L 323.818 1099.829
PFPA-Cs 0.636 2.297 2.897 23.202 616.212
PFBA-C4 1.387 4.167 5.295 17.010 16.482
PFBS-C4 B.D.L B.D.L B.D.L B.D.L B.D.L
PFPeA-Cs 3.276 11.587 10.722 26.860 14.444
PFHXA-Cs 9.315 22.864 21.777 39.675 22.395
PFHXS-Ce B.D.L B.D.L B.D.L B.D.L B.D.L
PFHpA-C; 16.083 31.123 56.949 67.027 37.634
PFHpS-Cs B.D.L B.D.L B.D.L 2.367 1.031
PFOA-Cg 140.191 128.166 976.052 977.379 1437.979
PFOS-Cs 0.203 205.837 17.647 81.222 128.845
PFOSA-Cg 0.049 B.D.L B.D.L B.D.L 0.284
6:2 FTS-Cg 0.004 0.010 B.D.L B.D.L B.D.L
PFNA-Cy 0.086 0.019 0.013 1.454 1.391
PFDA-Cyo 0.868 0.408 1.016 1.611 3.033
PFUNDA-C11 0.317 0.381 B.D.L 0.301 0.653
PFDoDA-Cy; B.D.L B.D.L B.D.L 0.131 0.49
PFD0S-C1» B.D.L 0.003 B.D.L B.D.L B.D.L
PFtrDA-C13 B.D.L B.D.L B.D.L 0.062 0.344
PFTDA-C14 B.D.L B.D.L B.D.L 0.021 0.174
PFHXDA-Cs¢ B.D.L B.D.L B.D.L B.D.L B.D.L
PFODA-Cyg B.D.L B.D.L B.D.L B.D.L B.D.L
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Appendix I: List of Known PFAS Detected in the First sorption Tubes at 550°C

Table I. 1: Concentration of PFAS detected in the first sorption tube at 550 °C

Abbreviation XAD-1 (mg/kg)

PFHpPA-C; 34.618

PFOS-Cg 1.030

PFDA-C1o 2.791

PFDoDA-Cy, 0.583

PFTDA-Cy4 0.210
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Appendix J: Orbitrap Experimental Setup
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Figure J. 1 : 50 ppb standard for the first XAD showing the background noise far delayed in the column

A Thermofisher Orbitrap Exploris 120 was used to discriminate ions of interest from interfering
ions differing by only very small mass increments at a mass-to-charge ratio as low as 40 m/z. The
Orbitrap was coupled to an ACME C-18 plus column to reach high pressure and physical separation
that helps target unique elution conditions. Shorter chain PFAS will elute first, and in terms of
functional groups, the carboxylates will elute, followed by sulfonates and sulfonamides. For
example, PFOA will elute in 6.38 minutes, PFOS in 4.3 minutes, PFODA or the C-18 carboxylate
in 6.38 minutes, and PFOSA in 7.03 minutes. So, when looking at the C-18 carbon length vs. C-8,
the sulfonamide dominates for the retention time of the column. The system's pH was 4, which
caused the PFOSA ending column to be neutrally charged, which is why it is retained on the column
quite easily. PFOSA is neutral compared to everything else negatively charged; therefore, it moved
through the water much more quickly.

The Orbitrap was flushed for an hour to remove the background noise and organic impurities,
followed by 10 blanks. A fresh blank was eluted five times to establish the baseline signal and run
the calibration sample to establish the retention time and instrument accuracy. Finally, the
experimental sample was analyzed. The software was then provided with the specific elements to
examine in the Al-based mathematical molecule fitting. The machine was set to look for carbon,
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oxygen, hydrogen, sulfur, fluorine, and nitrogen. The fitting software then used a series of matrices
to establish the best fit to select the least likely molecule while performing the scan. The
interpretation provided by the software is based on the knowledge of the system and the chemistry
as understood by the operator. For example, PFOS (CsO3F17S) has a combined score of 98.34, and
its closest competitor is CsOsN2F13S, a virtually impossible formula. Additional information such
as fragmentation patterns and similar molecule retention times were used to reinform the molecular
knowledge. After flushing the system and running the calibration sample, some background noise
must be accounted for as the experiments proceed. This noise can be corrected using HPLC-MS
grade material. Finally, while the 50-ppb standard was running, most of the background noise and
impurities were far delayed in the column, and most of the standards appeared well before that

peak.
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WorkSpace 8 GAC1-550

Appendix K: Chromatogram Images for First Sorption Tube at 550°C
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Figure K. 1: Full scan base peak MS chromatogram of XAD-1 showing PFAS compounds with three
nitrogen atoms on the carbon chain

~Chromatogram 1 GAC1-550

RT 0.00-10 01
2:1’2" Qo “Etmt"’"sm&l{j’ Relationship between retention shift and chromatographic conditions o
ca-cs 091 further supports chemical structure 950
€5-C6 0.64 920
c6-c7 055 889
C7-C8 049 855
ca-co 046 820
€9-C10 043 781
c1o-c11 041 7.40
cli-c1z 038 697
c12c13 035 651
c13-c14 034 602
C14-C15 031 547
C15-C16 030 483 ‘
c16-c17 030 39
100 am 2 ‘ 82
50 44 L
1 |
80 ! Jn_nJ m &
uh 382 3;1 i 8.47] §81 -lf’!ﬂks 18 966
— i ) fj_sasi —
87 = 523 6414 8 J@lﬂ 880
50-] = LT T 668 TI_ | N 87 &n2
4 45_9] - ) 728 _1.68 g12 o 89
40| 268 3 ||sm o] 1684 755 790 812
-l 1 200 3% 4w I3 STEAL A S 738 7% 845 891 924 97
] 087 iy 3k 3T lagg 454 [ [ sashl {y 611 683 713 747
= st FH}'S | V) {9 I T ™=l 721
i o E F 305 BT 7 wod dwmsd i, R T
107 Ll 1 Ll | e
r""'\""I""I""I" ‘|\""|"'I""\""\""\""I"'\""I"'I""I""I“"\""I""\
w15 2 25 40 45 50 55 B0 65 10 80 85

Time (min)

v ax

ML: 11885
CITHZONFES: miz= 8810404
8818550 M3 F: MS GAC1-550
NL: 48855
CIBHZONF3Y; miz= 11,9525
B1L9610 M3 F. M3 GAC1550
NL:227E8
CISHZONF2S: miz= 81,0583
10830 M5 F: M5 GAC1-580
L 187ET
C4MIONF2T: miz= T11.0508-
7199988 MS F: MS GACGT550

NL: 28027
CIZHIONF23: miz= 811.9685-
B1N9TZT M3 F. M3 GAC1-850

CH2ONF21: miz= 581.0700
5618750 M35 F: M3 GAC1-550

NL 19857

COHRONF1T: vz 461 6760-451 6615 M5
F:MS GAC1-580

NL38TER

CIHRONF15: mize 4119803411 9845 MS
F: M5 GAC1-550

HL: 30057

CTHRONF13: miz= 381 6838-361 6874 M3
F:MS GAC1-550

NL: 1.07E7

COHIONF11; myiz= 311.0872-311.0004 WS
F: M5 GAC1-550

HL:B.18E5
CAHRONET: miz= 2119041211 9083 MS
F:MS GAC1-550

Figure K. 2: Overlapping chromatogram of C3 to C8 amides and C8 to C17 amides and the relationship
between retention shift (in seconds) and carbon jump.
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Appendix L: List of Unknown PFAS Detected in the First sorption Tubes at 550°C

Table L. 1: List of PFAS compounds detected solely based on the visual identification of the peaks of the
orbitrap XAD-1 at 550°C

Retention Time (minutes) Peak Mass  Likely Compound (-H)  Peak Area Note
(g/mole)
3.6 412.965 PFOA (C802F15) 2.00E+09
6.5 411.981 CsHONFs 3.80E+08 PFAS Amide (C4-C17
found)
34 336.972 CsO2F11 3.00E+08 Double Alkene PFOA
2.6 339.017 C10H4ONFg 2.70E+08
3.29 371.991 C10H304NFy 2.60E+08
3.1 419.984 C10HO3N3F11 2.20E+08
33 469.980 C11HO3N3F13 2.00E+08
5.75 360.027 C10H703NFy 1.60E+08
54 359.044 C10HgO2N2Fg 1.00E+08
5 344.044 CgH7ON3Fg 6.00E+07
2.63 369.987 CoHO3N3Fy 6.00E+07
4.5 436.040 C16HsO2NF1o 5.00E+07
6 361.985 C7HONF3 3.70E+07 PFAS Amide
6.4 352.994 CsHN2F12 3.50E+07 PFAS Amine?
6.35 415.995 C10H30,NF13 3.00E+07
3.56 394.975 CsHOF14 3.00E+07  -F/+H Exchanged PFOA
45 594.962 C12HO,F2, 2.00E+07
5.5 311.988 CeHONFy1 1.00E+07 PFAS Amide
6.8 485.998 C11H405NF6 1.00E+07
4.83 218.999 CsHON:Fs 6.00E+06
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3.92 211.995 C4sHONF; 9.00E+05 PFAS Amide
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