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Abstract 

 

 

 Aqueous film-forming foams (AFFFs), which contain various classes of per- and 

polyfluoroalkyl substances (PFAS), have been widely used to extinguish hydrocarbon-fuel 

fires. Repeated use of AFFFs has led to widespread PFAS contamination. Despite studies 

on the biotransformation of PFAS in various environmental matrices, very few studies have 

investigated the biotransformation of PFAS in AFFF-impacted soils, leaving the fate of 

PFAS in these specific environmental matrices unclear. Recent research suggests that 

indigenous microbial communities in the environment can transform certain PFAS, but the 

crucial microbes and enzymes involved in the biotransformation remain poorly understood. 

Investigating the mechanisms of PFAS biotransformation and the microorganisms involved 

in the biotransformation is essential to understand the environmental fate of PFAS. 

Additionally, remediation of sites contaminated with PFAS and co-contaminants poses a 

significant challenge, yet there has been little focus on addressing this type of challenge. 

This dissertation provides an overview of the PFAS problem and research knowledge 

gaps in Chapter 1, and a comprehensive review of PFAS definition, occurrence, and uses, 

current and emerging PFAS remediation technologies, microbial biotransformation of 

perfluoroalkyl acids (PFAA) precursors, and future prospects in Chapter 2. Chapters 3-6 

are 4 technical studies. Chapter 3 and 4 describe two aerobic microcosm experiments that 

investigated biotransformation of representative PFAS in AFFF-impacted soils. Chapter 3 

focuses specifically on the aerobic biotransformation of 8:2 fluorotelomer alcohol (FTOH), 



iii 

 

in two AFFF-contaminated soils. Chapter 4 investigates the ability of a range of 

sulfonamide- and carboxamide-based precursors in a historically used AFFF formulation 

to transform in aerobic soil. In Chapter 5, bioinformatic analysis of 16S rRNA amplicon 

sequencing data from selected PFAS biotransformation microcosm experiments was 

performed to generate hypotheses about key microbial genera and functional genes 

involved in the biotransformation of fluorotelomers. Chapter 6 presents a column study 

that compared the treatment efficiency of a coupled biological and physicochemical system 

with a single adsorptive system in treating mixed PFAS and chlorinated ethenes. The 

dissertation concludes with a summary of the major findings from the technical studies and 

future research recommendations in Chapter 7. 
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1 Introduction 

 

 

1.1 Research background 

Per- and polyfluoroalkyl substances (PFAS) are a large group of anthropogenic 

fluorinated organic compounds that contain at least one carbon atom on which all the 

hydrogen atoms are substituted by fluorine atoms.1 In the past two decades, a growing body 

of research has been performed to understand and assess the occurrence, environmental 

fate, transport processes, and health effects (both human and ecological) of PFAS. The 

attention of scientists and the public has been drawn to long-chain perfluoroalkyl acids 

(PFAAs) and their precursors; PFAAs comprise a subgroup of PFAS consisting of 

perfluoroalkyl carboxylic acids (PFCAs) with seven or more perfluoinated carbons and 

perfluoroalkane sulfonic acids (PFSAs) with six or more perfluorinated carbons.1 PFAAs 

and their potential precursors have been found to be ubiquitous in various environmental 

media, including air, surface water, groundwater, wastewater, soil, and sediment.2-4 High 

concentrations of PFAAs continue to be detected in biota (e.g., plants, invertebrates, fish, 

piscivorous birds, and mammals) due to their propensity to bioconcentrate through food 

webs.5 Furthermore, PFAAs have been detected in human blood worldwide in the range of 

ng/mL, which is the result of various routes of human exposure, like consumption of 

contaminated drinking water and food.6, 7 Laboratory animal studies and human 

epidemiological studies found that PFAAs, primarily perfluorooctanoic acid (PFOA) and 

perfluorooctane sulfonic acid (PFOS) can cause damage to liver and immune systems, birth 



2 

 

defects, delayed development and newborn deaths, as well as some types of cancer, e.g., 

testicular and kidney cancer.8-12 A large number of studies of PFAAs, particularly long-

chain PFAAs, confirm that these chemicals are highly persistent, bioaccumulative, and 

toxic.13 

Aqueous film-forming foams (AFFFs) have been extensively used as synthetic PFAS-

containing fire-fighting agents at military, industrial, and municipal sites since the late 

1960s, leading to widespread PFAS contaminations.14 Although commercial AFFF 

formulations are generally proprietary and vary with manufacturers and production period, 

identities of numerous PFAS in AFFF formulations have been revealed by recently 

developed analytical techniques.15, 16  

PFAA precursors in AFFF formulations are a topic of interest because they have the 

potential to produce PFAAs and are a long-term point source of PFAAs. According to the 

manufacturing processes, PFAA precursors may be divided into two primary classes: 

fluorotelomer (FT)-based precursors synthesized via telomerization, and electrochemical 

fluorination (ECF)-based precursors manufactured using electrochemical fluorination.17 

Figure 1-1 shows the synthesis processes of these two classes of PFAA precursors.  
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Figure 1-1 Synthesis processes of PFAA precursors.17 (a) FT-based precursors: the free-radical addition of tetrafluoroethylene to 

pentafluoroethyl iodide yields a mixture of perfluoroalkyl iodides with even-numbered fluorinated carbon chains. Perfluoroalkyl iodides 

can be directly hydrolyzed to perfluoroalkyl carboxylate salts, or turned into a more versatile synthesis intermediate, fluorotelomer 

iodides by addition of ethylene. These primary alkyl iodides can be transformed to alcohols, sulfonyl chlorides, olefins, thiols, 

(meth)acrylates, and from these into many types of fluorinated surfactant. (b) ECF-based precursors: a hydrocarbon sulfonyl fluoride is 

transformed into the corresponding perfluoroalkyl sulfonyl fluoride, the fundamental raw material which is further processed to yield 

fluorinated surfactants.  
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Two common fluorotelomer-based precursors, 8:2 fluorotelomer alcohol (FTOH), 

which is a typical precursor of PFOA, and 6:2 fluorotelomer sulfonate (FTS), which is 

reported to be precursor to C4-C6 PFCAs, have been documented in AFFF formulations 

with average concentration ranges of 8-26.5 mg/L and 8.4-776.6 mg/L, respectively.18, 19 

Also, up to 14.6 mg/L of 6:2 FTS has been detected in soil and groundwater samples 

collected from AFFF firefighter training areas.20 

Biotransformation of 8:2 FTOH and 6:2 FTS has been widely observed in different 

environmental matrices. Microbial transformation of 8:2 FTOH was studied in wastewater 

treatment plant (WWTP) activated sludge, pristine soils, landfill leachate sediments under 

aerobic conditions,21-26 and WWTP activated sludge and digester sludge under 

methanogenic conditions.27, 28 6:2 FTS was also reported to be biotransformed in WWTP 

sludge, river sediments, wetland slurry and landfill leachate under aerobic conditions and 

in wetland slurry under nitrate-reducing conditions.21, 29-31 However, even with the 

potential for biotransformation, knowledge of the biotransformation of 8:2 FTOH or 6:2 

FTS at AFFF-contaminated sites remains insufficient to date. 

ECF-based precursors in AFFF formulations are not well understood. This class of 

precursors is mainly presented in AFFFs produced by the 3M company which were 

historically released at U.S. military sites to extinguish hydrocarbon-based fuel fires.32 

Studies on biotransformation of ECF-based precursors focused on N-ethyl perfluorooctane 

sulfonamido ethanol (N-EtFOSE), a PFOS precursor, which is not a common ingredient in 
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AFFF formulation.33-36 N-dimethyl ammonio propyl perfluorohexane sulfonamide (AmPr-

FHxSA) was recently identified in the 3M AFFF formulations with a great abundance (189-

850 mg/L) and has been detected in the soil and groundwater samples collected from the 

military sites where the legacy 3M AFFF were applied over decades.32, 37, 38 More 

practically, the AFFF formulation (3M FC-203CF) that is currently available in our lab has 

been verified to contain AmPr-FHxSA (~4,000 mg/L). Despite growing knowledge of the 

composition of AFFF, little is known about the biotransformation of ECF-based precursors 

in AFFF and the environmental fate of AFFF. 

Moreover, much less attention has been paid to the impacts of PFAS on microbial 

ecosystems the involvement of microbial communities in PFAS biotransformation 

processes, compared to the massive efforts of studying the toxic effects of PFAS on animals 

and humans. Previous studies analyzed the microbial community structure in PFAS 

contaminated sites,39-42 and studied the effects of single PFAS compounds, for example, 

PFOS and PFOA, on the microbial community.43, 44 Nevertheless, insufficient research has 

been conducted to investigate the relationship between biotransformation of PFAA 

precursors and the shift of microbial community, particularly during a long-term 

exposure.30, 44, 45 Furthermore, there has been limited research on identifying 

microorganisms that can degrade PFAS and the functional enzymes involved in the 

process.46, 47 

Additionally, remediating sites contaminated with PFAS and other co-contaminants, 
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such as chlorinated solvents, is a complex and challenging task. While there are established 

remediation methods for individual contaminants, there are few options available for 

dealing with co-contaminants. Some remediation techniques that work for PFAS may 

exacerbate the problem with other co-contaminants. The lack of effective remediation 

methods for co-contaminants can result in prolonged cleanup timelines, increased costs, 

and ineffective treatment. Therefore, there is a need to develop remediation methods that 

can effectively address the co-contamination of PFAS. 

In this context, it is therefore important to conduct research to gain a better 

understanding of the fate and transformation of per- and polyfluoroalkyl substances (PFAS), 

specifically 8:2 FTOH and 6:2 FTS, in AFFF-impacted soils. Investigation into the 

biotransformation products, pathways, and rates of these PFAS in AFFF-impacted soils 

would provide critical insight into their fate in this specific environmental matrix and other 

environmental settings with similar characteristics. Additionally, studying the microbial 

biodegradability of electrochemically fluorinated (ECF)-based precursors in AFFF 

formulations under conditions representative of those found at AFFF-contaminated sites is 

crucial. Understanding the impacts of 8:2 FTOH/6:2 FTS/AFFF on microbial communities 

and the roles of the microorganisms in response to PFAS exposure is also necessary. Finally, 

innovative remediation technologies must be developed to address the unique challenges 

posed by PFAS and their co-contaminants like chlorinated solvents at contaminated sites. 
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1.2 Research objectives 

The overall objective of this study is to understand the influence of microbial processes 

on the environmental fate of contaminants at military bases that have been impacted by 

PFAS and other contaminants. Specifically, biotransformation of 8:2 FTOH/6:2 FTS/AFFF 

under different redox conditions, including aerobic, nitrate-, sulfate- and iron-reducing 

conditions, the impacts of 8:2 FTOH/6:2 FTS/AFFF biotransformation on soil microbial 

communities, and the potential contribution of AFFF formulation to PFAAs in the matrix 

of AFFF-impacted soils will all be evaluated in microcosms. Additionally, the adsorption 

capacities of two adsorptive materials, polyethylenimine (PEI) coated iron oxide 

nanoparticles (IONPs) and stabilized powdered activated carbon (S-PAC) will be evaluated 

in continuous flow column systems. The efficacy of a sequential treatment train approach 

that integrates microbial and adsorptive processes will be compared to a single adsorptive 

approach for the remediation of a mixture of PFAS and chlorinated ethenes. These 

objectives are part of two large projects with research obligations divided between multiple 

graduate students; therefore, a more limited list of objectives, consisting of the following, 

was addressed in this dissertation: 

(1) Investigate aerobic biotransformation of 8:2 FTOH in AFFF-impacted soils in terms 

of transformation products and pathways, and the effects of different 8:2 FTOH 

concentrations on microbial community. 
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(2) Estimate the biodegradability of ECF-based precursors in AFFF formulation under 

aerobic conditions. 

(3) Assess the comprehensive roles of native soil microorganisms in response to 8:2 

FTOH/6:2 FTS and their potential biotransformation products under various redox 

conditions. 

(4) Evaluate the effectiveness of a coupled biological and physicochemical (using IONPs) 

system and a single adsorptive for the treatment of mixtures of 10 PFAAs and chlorinated 

ethenes in a dynamic groundwater flow scenario. 

1.3 Structure of dissertation 

This dissertation has been organized into 7 chapters including this chapter (Chapter 1), 

which provides a brief background and objectives of this study. Chapter 2 provides an 

overview of PFAS contamination, including definition, occurrence, health effects, and 

current and developing technologies for PFAS remediation. Additional background 

information that specifically relates to studies in Chapters 3-6 are included in those chapters. 

Chapters 3 to 6 are technical chapters that describe experimental processes and data 

analysis as well as the obtained results to address each of the specific objectives presented 

above. These 4 chapters are organized as manuscripts that have been published or are in 

preparation for submission to be published in peer-reviewed journals. Chapter 7 

summarizes the major findings of the present study and future research recommendations.  
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2 Literature Review 

 

 

This chapter provides an overview of per  and polyfluoroalkyl substances (PFAS) 

contamination, current and emerging technologies for PFAS remediation, PFAS 

biotransformation, particularly transformation by microorganisms, as well as implications 

and knowledge gaps. Additional background information that specifically relates to studies 

in Chapters 3-6 are included in those chapters. 

2.1 Introduction 

Since manufacturing began in the 1940s, PFAS have been widely used in a wide range 

of consumer and industrial products, as PFAS have superior oil and water repellency, 

chemical and thermal stability, as well as surfactant properties resulting from their unique 

physical and chemical properties. To date, more than 12,000 PFAS have been identified, 

and a large proportion of them do not have Chemical Abstracts Service (CAS) Registry 

Numbers.48 The list of PFAS is increasing with the applying of advanced analytics 

techniques and development of highly sophisticated analytical methods. 

Due to the long-term production and release into the environment from many sources, 

and the features of persistence and mobility of some PFAS, PFAS have been detected in 

various matrices worldwide, from the atmosphere to the groundwater, from human serum 

to biota. PFAS have also been detected in remote regions, such as the Arctic and Antarctic. 

The widespread contamination and adverse human and ecological health effects of PFAS 

have prompted global discussion and research around PFAS regarding risk assessment, 
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regulation, alternative development, and remediation. 

2.1.1 Definition and classification 

There is currently no unified definition of PFAS. The definition of PFAS has evolved 

over time by different organizations and researchers to establish clear terminology that 

facilitates understanding and communication among all players within the field of PFAS, 

including the academia, industry, and the bodies responsible for the regulation, and to 

intensify cooperative actions across regions and sectors. Table 2-1 and Figure 2-1 show 

four common definitions of PFAS and some examples of PFAS based on these definitions, 

respectively. 
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Table 2-1 Definition of PFAS from different sources. 

Source Verbatim definition  
1 ñHighly fluorinated aliphatic substances that contain 1 or more C atoms 

on which all the H substituents (present in the nonfluorinated analogues 

from which they are notionally derived) have been replaced by F atoms, 

in such a manner that they contain the perfluoroalkyl moiety CnF2n+1
ï.ò 

49 ñPFASs, including perfluorocarbons, that contain a perfluoroalkyl moiety 

with three or more carbons (i.e. ïCnF2nï, n Ó 3) or a perfluoroalkylether 

moiety with two or more carbons (i.e. ïCnF2nOCmF2mī, n and m Ó 1).ò 
50 In addition to the definition proposed by Buck et al.1, it ñalso includes (i) 

substances where a perfluorocarbon chain is connected with functional 

groups on both ends, (ii) aromatic substances that have perfluoroalkyl 

moieties on the side chains, and (iii) fluorinated cycloaliphatic 

substances. It does not include non-polymeric substances that only 

contain a ïCF3 or ïCF2ï moiety, with the exception of 

perfluoroalkylethers and per- and polyfluoroalkylether-based 

substances.ò 
51 ñPFASs are defined as fluorinated substances that contain at least one 

fully fluorinated methyl or methylene carbon atom (without any 

H/Cl/Br/I atom attached to it), i.e. with a few noted exceptions, any 

chemical with at least a perfluorinated methyl group (ïCF3) or a 

perfluorinated methylene group (ïCF2ï) is a PFAS.ò 

 

Figure 2-1 Examples of PFAS based on the latest definition. 
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As shown in Figure 2-2, classification of PFAS is organized in the form of a family 

tree that includes polymers and nonpolymers. The PFAS polymer includes fluoropolymers, 

side-chain fluorinated polymers, and polymeric perfluoropolyethers.1 Fluoropolymers are 

carbon-only polymer backbones with F atoms directly attached to backbone C atoms, for 

instance, polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF). Side-chain 

fluorinated polymers contain a nonfluorinated polymer backbone and fluorinated side 

chains. Polymeric perfluoropolyethers (PFPE) are carbon and oxygen polymer backbones 

with F atoms directly attached to C atoms. 

Nonpolymer PFAS contains two major groups, perfluoroalkyl substances and 

polyfluoroalkyl substances. Perfluoroalkyl substances are fully fluorinated compounds that 

include but are not limited to perfluoroalkane sulfonamides (FASAs) and perfluoroalkyl 

acids (PFAAs). PFAAs are usually referred to as ñterminal PFASò or ñterminal 

transformation productsò since they are essentially not degradable under normal 

environmental conditions. Major groups of PFAAs include perfluoroalkyl carboxylic acids 

(PFCAs) and perfluoroalkane sulfonic acids (PFSAs). Examples of PFCA and PFSA are 

perfluorooctanoic Acid (PFOA) and perfluorooctanesulfonic acid (PFOS), respectively. 

Polyfluoroalkyl substances are sometimes called ñprecursorsò, as they contain 

nonfluorinated moieties that may be susceptible to biotic or abiotic transformation and can 

be transformed into more persistent substances, e.g., PFAAs. The studies conducted in this 

dissertation focus primarily on two polyfluoroalkyl substances, fluorotelomer substances 
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and perfluoroalkane sulfonamido substances, that are typically synthesized by 

fluorotelomerization and electrochemical fluorination (ECF) processes, respectively.49 

Fluorotelomer-based and perfluoroalkyl sulfonamide-based precursors are found to be 

precursors to PFCAs and PFSAs, respectively. For example, C6-C8 and C4-C6 PFCAs were 

observed as transformation products from 8:2 fluorotelomer alcohol (FTOH) and 6:2 

fluorotelomer sulfonic acid (FTS), respectively.21 Two perfluoroalkyl sulfonamide 

derivatives with C8 perfluoroalkyl chain produced C8 PFSA as transformation product.
52 
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Figure 2-2 Classification of PFAS adapted from Buck et al.1. The names of groups in bold indicate some compounds in these groups 

are present in Chapters 3-6. 
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2.1.2 PFAS application, occurrence, and concern for human health and environment 

More than 4,700 PFAS with CAS numbers were found to have been or may be 

commercially available on the global market.49 The primary limitation in uncovering 

applications of PFAS is that generally this information is often not available. For example, 

commercial aqueous film-forming foams (AFFFs) that are fire suppressants used to 

extinguish flammable liquid fires, have been known for containing a variety of PFAS. 

However, AFFF formulations are generally proprietary and vary with manufacturers and 

production period. 

To date, PFAS have been discovered to be used in many areas, including but not limited 

to synthetic chemicals, electronics products, printing products, cosmetic products, 

textiles/leather impregnation, pharmaceuticals/plant protection/biocides, paint/adhesive 

raw materials, paper impregnation, and foam-based fire-fighting agents.53, 54 Although 

more studies start to apply advanced analytics methods for elucidating chemical formulae 

for the products with unknown PFAS components, the information on PFAS quantities in 

those products is still largely unknown. Moreover, emerging areas of PFAS application 

have been found, such as medical devices and materials, building materials, smart phones, 

and solar cells.53 

Manufacture and wide applications of PFAS as well as their releases to the environment 

in the past several decades have resulted in PFAS contamination of most environmental 

media worldwide, including air, soil and sediment, surface water and groundwater, as well 



16 

 

as biota. Some PFAS are detected in the atmosphere near the emission sources, for example, 

industrial facilities that produce or use PFAS and wastewater treatment plants (WWTPs).55, 

56 PFAS have also been found in the Arctic regions through long-range atmospheric 

transport.57 PFAS have also been detected in sediment and soil from direct deposition (e.g., 

industrial discharge and release of AFFF) or indirect exposure (e.g., landfill leachate and 

application of biosolids).58-60 Additionally, these PFAS contaminated soil and sediment 

may serve as secondary sources of PFAS through stormwater runoff to surface water and 

leaching to groundwater.61, 62 PFAS-impacted surface water and groundwater that serve as 

drinking water sources subsequently result in PFAS contamination in drinking water 

supply.63 Due to the global distribution in the environment and tendency to bioaccumulate, 

PFAS have been found in biota, such as crops and fish, which may take in PFAS from 

irrigation water, PFAS-impacted soils and aquatic environment, and food chain.64-66    

Although PFAS represent a broad spectrum of compounds, only a tiny proportion, 

particularly long-chain PFAAs such as PFOA and PFOS, were studied in terms of human 

and ecological health effects. For example, PFOA exposure were found to have probable 

links to high cholesterol, thyroid disease, pregnancy-induced hypertension, ulcerative 

colitis, as well as kidney and testicular cancer.67 Animal models and human studies have 

provided evidence on PFAS immunotoxicity which may impact the responses to vaccines. 

Elevated plasma-PFAS concentrations in serum were found to be associated with reduced 

measles antibody concentrations before and after vaccination and increasing risks of more 
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severe course of COVID-19.68, 69 Considering the evidence on negative health effects 

caused by certain PFAS and lifetime exposure due to the ubiquity, in June 2022, USEPA 

updated the interim drinking water health advisories for PFOA at 0.004 ppt, and PFOS at 

0.02 ppt, and issued final health advisories for perfluorobutane sulfonic acid (PFBS) at 

2,000 ppt, and hexafluoropropylene oxide dimer acid and its ammonium salt (GenX 

chemicals) at 10 ppt.70 

In addition, numerous studies have been conducted to investigate the ecotoxicity of 

selected PFAS to plants, invertebrates, and vertebrates (e.g., fish, amphibians, reptiles, 

birds, and mammalian wildlife), and demonstrated a wide range of effects concentrations 

across the various terrestrial and aquatic biota.54 There is little information or even no 

publicly available data regarding the health effects for the vast majority of PFAS, 

particularly the precursors that can be transformed to PFAAs in the environment and in the 

human body.  

2.2 PFAS remediation technologies 

Although the principal worldwide manufacturers of PFAS, including 3M, voluntarily 

discontinued manufacturing of PFOA, PFOS, and related precursors after 2000, 

environmental contamination of PFAS, including PFOA and PFOS, are anticipated to 

continue for the foreseeable future due to the environmental persistence, formation from 

precursors, and the large legacy production. As a result, development of PFAS treatment 

and remediation technology has gained considerable attention. Some PFAS treatment 
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technologies are stand-alone, some can be combined to have synergistic effects. 

2.2.1 Physical and chemical approaches for PFAS treatment 

2.2.1.1 Non-destructive technologies 

Non-destructive technologies, such as sorption and separation, can remove the 

contaminants from the impacted media, but are not able to degrade the contaminants. As a 

result, post-treatment steps, such as landfilling and other destructive approaches, must be 

included for further treatment. And in some cases, extensive pre-treatment should also be 

included to facilitate contamination removal efficiency. Additional costs for replacement 

and regeneration of the materials are involved for some technologies. 

Sorption. Carbon-based (e.g., granular activated carbon, GAC, or powdered activated 

carbon, PAC) materials and ion exchange (IX) resins are two common groups of effective 

sorbents to immobilize PFAS.71-73 In general, both activated carbon and IX systems show 

better removal capacity for PFAS with longer chain and sulfonate/sulfonamide groups than 

those with shorter chain and carboxylates.71, 72 These two types of sorbents can be used 

alone, or they can be used in series to optimize PFAS removal capacity for contaminated 

liquid media. Minerals (e.g., modified clays) have also been investigated for PFAS removal 

from contaminated soils and water.74, 75  

Separation. Membrane-based methods like reverse osmosis and nano-filtration were 

studied to separate PFAS from contaminated waters (e.g., wastewater, and drinking 

water).76, 77 Due to the surfactant properties of PFAS, foam fractionation has received 
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increasing attention as a PFAS treatment technology, which can be applied to PFAS-

contaminated water/groundwater and even landfill leachate.78, 79 For contaminated soils, 

soil washing and thermal desorption are two options. The former one exploits the solubility 

of PFAS to transfer PFAS from contaminated soils to aqueous phase. It can be more 

efficient and less costly in situ if a pump-and-treat system is already in place;80, 81 the latter 

one uses heat (100-500 ÁC) to physically separate PFAS from impacted soils followed with 

PFAS caption using air filters.82  

2.2.1.2 Destructive technologies 

Thermal treatment. Incineration, an energy-intensive technique, generally heats up the 

waste to over 1,000 ÁC for chemical destruction. It can be used for PFAS destruction in 

both liquid and solid wastes or contaminated media.83, 84 Pyrolysis can also decompose 

PFAS, but at a moderately elevated temperature (typically below 600 ÁC) in the absence of 

oxygen.85 Another thermal treatment is smoldering, a slow and flameless process (260-

1,200 ÁC) sustained with an oxidant (e.g., air) that attacks PFAS.86 Concerns raised towards 

the thermal treatment for PFAS are about emissions of gaseous fluorinated products and 

other harmful compounds which are currently poorly understood.84 Thermal treatment is 

generally energy-intensive and expensive, and the high temperature applied in situ may 

disturb the environment. 

Chemical oxidation. Chemical oxidation involves oxidant agents that directly oxidize 

contaminants or processes producing reactive species that attack the compounds. 
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Conventionally, Fenton's reagent (H2O2 catalyzed with Fe
2+), ozone and H2O2, and 

ultraviolet (UV) light with H2O2, are applied to effectively generate hydroxyl free radicals 

for decomposition of organic contaminants. However, hydroxyl radical alone was 

documented to be ineffective for PFAS degradation.87 On the other hand, ozonation under 

alkaline condition was reported to be able to degrade PFOA and PFOS, which can be 

further promoted by addition of hydrogen peroxide.88 Persulfate, generally activated by 

heat, UV, or microwave, to generate sulfate radicals was also reported to be a powerful 

oxidant for PFAS decomposition.89-91 Permanganate was found to degrade PFOS greatly 

under certain conditions, i.e., high temperature (e.g., 85 ÁC) and low pH (e.g., pH = 2).92 

In addition, photo-chemical oxidation of PFAS using chemical catalysts, such as Fe3+, TiO2, 

S2O8
2ī, CO3

2ī, and IO4-, with UV, can efficiently degrade PFCAs.93, 94 Other PFAS 

oxidation technologies also include sonochemical oxidation, electrochemical oxidation, 

and supercritical water oxidation.95-97 Chemical oxidation treatment requires a careful 

balance of free radicals, reaction kinetics, and radical scavengers. 

Chemical reduction. Reductive degradation of PFAS involves application of reductants, 

such as zero-valent iron (ZVI)/doped-ZVI and transition metals with catalysts. Reductive 

decomposition of PFAS was reported using ZVI in subcritical water and Mg-aminoclay-

coated nZVI.98, 99 Ti(III)-citrate and nanoscale zerovalent zinc with Vitamin B12 as catalyst, 

and nano-scale zerovalent iron with nickel as catalyst were capable to degrade PFOS.100-

102 In addition, advanced reduction processes have emerged as a promising method for 
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destruction of PFAS. The processes usually involve formation of highly reactive reducing 

radicals including hydrated electrons produced by different activation methods, such as 

application of UV light, microwave, and ultrasound with or without the assistance of 

chemical solutes.103, 104 For example, photoirradiation of sulfite, iodide, dithionite, 

ferrocyanide, or some organic compounds has reported to effectively decompose PFAS in 

water.105-107 Similar to advanced oxidation processes, advanced reduction requires further 

investigation on optimization of treatment conditions, such as pH and temperature, and 

minimizing the scavenging effects of coexisting species in the contaminated matrices. 

Other technologies. Other promising destructive PFAS treatment technologies include 

high-energy electron beam (eBeam) and plasma technology, both producing strong reactive 

species to attack PFAS without addition of any chemicals. The eBeam technology uses 

electron accelerators to generate large numbers of highly energetic electrons from 

electricity, and reactive species such as solvated electrons and hydrogen radicals are formed 

during the irradiation.108 Removal of PFAS including PFOA and PFOS in contaminated 

soil and aqueous matrices have been achieved by eBeam.109-111 Plasma technology involves 

formation of plasma as a result of an electrical discharge and consequent effects, such as 

primary formation of oxidizing species, shockwave, UV light, and electrohydraulic 

cavitation.112 Plasma was documented to effectively degrade PFAS in aqueous systems.113, 

114 These technologies have only been tested in laboratories and are costly to scale up. 
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2.2.2 Biological approaches for PFAS treatment 

Physicochemical remediation usually requires high energy input and/or addition of 

harsh chemicals which disturb the environment and even destroy the ecosystem, as well as 

high investment in initial infrastructure and/or equipment maintenance. In contrast, 

bioremediation technology has advantages including less disruption to the environment and 

low capital and operational costs. However, a limited number of studies have investigated 

biodegradation of PFAS. All known studies suggest that in general, PFAAs do not readily 

biodegrade, and biotransformation of precursors is poorly understood. 

Most microbial transformation of PFAS using pure bacterial culture or enrichment 

culture, and native microbial communities from the environment has been observed to 

occur with polyfluoroalkyl substances, which are precursors that can be further 

transformed to PFAAs. Typically, biotransformation of ECF-based PFAS has been 

demonstrated to be limited to the nonfluorinated moieties.34, 52 On the other hand, both 

removal of the nonfluorinated moieties and defluorination were observed with 

fluorotelomer-based PFAS.47, 115 Until very recently, biotransformation of PFAAs (i.e., 

PFOA and PFOS), was observed using an isolated iron-reducing ammonium-oxidizing 

autotroph and the enrichment culture with production of shorter chain PFAAs and 

acetate.116 A few studies found that fungi also play a role in biotransformation of 

fluorotelomers.117-119 In addition, PFAS removal was observed in a constructed wetland 

treatment system, tentatively involving uptake by plants, transformation by rhizobacteria 
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in addition to sorption to soils and sediments.30, 120 Various plant species were reported to 

be able to remove PFAS, making phytoremediation of PFAS promising.121, 122 Little is 

known about the microorganisms and enzymes responsible for PFAS transformation as 

well as the biotransformation mechanisms in organisms including microbes and plants.   

2.3 Microbial biotransformation of PFAA precursors 

2.3.1 Biotransformation of fluorotelomer-based precursors 

Fluorotelomers generally consist of a perfluorinated moiety containing an even number 

of fluorinated carbons (usually from 2 to 12) and a non-fluorinated moiety containing two 

nonfluorinated carbons and a functional group, such as -OH (fluorotelomer alcohol) or -

SO3
- (fluorotelomer sulfonate). Fluorotelomers have been widely reported as sources of 

PFCAs in the environment via microbial transformation under different redox conditions 

in various environmental matrices, including activated sludge, soil, sediments, and defined 

microbial communities. Prior literature documenting microbial transformation of 

fluorotelomers is summarized in Table 2-2. 

As shown in Table 2-2, biotransformation of these fluorotelomers is widely 

documented under aerobic conditions by microorganisms originated from different 

environmental matrices, such as soil, sediment, and activated sludge, as well as pure and 

mixed bacterial cultures, while only a few studies observed biotransformation under 

anaerobic conditions (nitrate- or sulfate-reducing and methanogenic conditions). Most of 

these biotransformation studies have been focused on fluorotelomer alcohols (FTOHs) and 
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fluorotelomer sulfonates (FTSs), particularly 8:2 FTOH and 6:2 FTS. The former 

compound is a frequently used as industrial raw material, while the latter one is a common 

substitute for PFOS and widely used in industrial manufacturing; both of them were 

reported as components in fluorotelomer-based AFFFs.18, 19 A comprehensive 

biotransformation pathway of FTS and FTOH are illustrated in Figure 2-3 based on 

selected literatures summarized in Table 2-2. 

As shown in Figure 2-3, desulfonation of n:2 FTS and production of n:2 FTOH is the 

initial step required for n:2 FTS to be further biotransformed to downstream transformation 

products via n:2 FTOH biotransformation pathways. FTOH is converted into fluorotelomer 

acetaldehyde (n:2 FTAL), fluorotelomer carboxylic acid (n:2 FTCA), fluorotelomer 

unsaturated carboxylic acid (n:2 FTUA), and another unsaturated and saturated carboxylic 

acids with one less fluorinated carbon ((n-1):3 U acid/acid) through a series of oxidation 

processes and defluorination. Further defluorination and oxidation converts (n-1):3 U acid 

into PFCAs with shorter perfluorinated carbon chain. The (n-1):3 acid may also go through 

ñone-carbon removal pathwaysò with sequential removal of -CF2- groups to generate 

shorter chain of fluorinated acids.123 On the other hand, n:2 FTUA is converted to (n-1):2 

ketone possibly via multiple enzymatic steps of defluorination and decarboxylation.25, 124 

Then, (n-1):2 ketone can be transformed to (n-1):2 sFTOH, which can be further 

transformed to multiple PFCAs usually with 3 to n-1 perfluorinated carbon through 

multiple steps. Other previously studied fluorotelomers, such as 6:2 fluorotelomer 
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sulfonamide betaine (FTAB) and fluorotelomer thioether amido sulfonate (FtTAoS) are all 

precursors to FTSs and/or FTOHs, which can be transformed to FTS/FTOH first, then go 

through FTS/FTOH transformation pathways to generate PFCAs as terminal 

transformation products. 
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Table 2-2 Summary of literature documenting microbial transformation of fluorotelomer-based PFAS. 

Compound(s)  Redox conditions and environmental matrix/defined 

microorganism(s) 

References 

Aerobic Nitrate-

reducing 

Sulfate-

reducing 

Iron-

reducing 

Methanogenic 
 

4:2 FTOH Pure bacterial culture 
  

 
 

124 

6:2 FTOH Pristine soil, activated sludge, 

river sediment, pure and mixed 

bacterial culture, pure fungi 

culture 

  
 Digester sludge 28, 117, 119, 124-129 

8:2 FTOH Pristine soil, landfill leachate-

sediment, brackish water, pure 

and mixed bacterial culture, 

AFFF-impacted soil 

AFFF-

impacted 

soil 

AFFF-

impacted 

soil 

AFFF-

impacted 

soil 

Digester sludge, 

activated sludge 

21, 22, 24-28, 115, 

124, 130-133 

6:2 FTS Activated sludge, river 

sediment, pure bacterial 

culture, wetland slurry, landfill 

leachate-sediment  

Wetland 

slurry 

 
 

 
21, 29-31, 45-47, 134-

136 

6:2 FTABa Activated sludge, pure bacterial 

culture, AFFF-impacted soil 

    135, 137, 138 

6:2 FTAAb Activated sludge     137 
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Table 2 2 Summary of literature documenting microbial transformation of fluorotelomer-based PFAS. (continued) 

Compound(s) Redox conditions and environmental matrix/defined microorganism(s) References 

Aerobic Nitrate-

reducing 

Sulfate-

reducing 

Methanogenic  

6:2 FtTAoSc Activated sludge, 

AFFF-impacted soil 

 
AFFF-

impacted 

soil 

 
139-141 

4:2/8:2 FtTAoSc AFFF-impacted soil 
   

140 

6:2 FTId Pristine soil 
   

142 

8:2 FTAC/ FTMACe Pristine soil 
   

143 

8:2 FTSM/ FTCTf Pristine soil 
   

144, 145 

FTU/ HMUg Pristine soil 
   

146 

4:2/6:2/8:2/10:2 PAPh Pristine soil, activated 

sludge, pure bacterial 

culture 

   
147-149 

a. FTAB: fluorotelomer sulfonamide betaine 

b. FTAA: fluorotelomer sulfonamide amine 

c. FtTAoS: fluorotelomer thioether amido sulfonate 

d. FTI: fluorotelomer iodide 

e. FTAC: fluorotelomer acrylate; FTMAC: fluorotelomer methacrylate 

f. FTSM: fluorotelomer stearate monoester; FTCT: fluorotelomer citrate triester 

g. FTU: toluene-2,4-di(8:2 fluorotelomer urethane); HMU: hexamethylene-1,6-di(8:2 fluorotelomer urethane) 

h. PAP: polyfluoroalkyl phosphate 
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Figure 2-3 Proposed biotransformation pathways of FTOH and FTS adapted from prior 

literature.25, 27, 28, 129, 150 

 

2.3.2 Biotransformation of ECF-based precursors 

ECF-based precursors generally consist of a sulfonamide or carboxamide backbone 

linking a non-fluorinated head group and/or branched chain(s) with a perfluorinated tail. 

Biotransformation of ECF-based precursors always alter the non-fluorinated head group 

rather than the fluorinated moiety and produce PFAAs as terminal transformation products. 

ECF-based precursors have been widely detected in 3M manufactured AFFF 

formulations.151 There are a few studies investigating biotransformation of ECF-based 

precursors in invertebrate animals.152, 153 Most studies were focused on microbial 

transformation of ECF-based precursors (Table 2-3), primarily about aerobic 

biotransformation using soil and activated sludge. 

As shown in Table 2-3, most studied ECF-based precursors are perfluoroalkyl 

sulfonamide derivatives, particularly the precursors to PFOS, including N-ethyl 
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perfluorooctane sulfonamido ethanol (N-EtFOSE), N-ethyl perfluorooctane sulfonamide 

(EtFOSA), perfluorooctane sulfonamide (FOSA), and EtFOSE-based phosphate diester 

(SAmPAP diester). A research group from McGill University conducted some experiments 

using native microbial communities in pristine soils to study the stability of a suite of ECF-

based precursors with eight or seven perfluorinated carbons (eight for sulfonamide and 

seven for amide).52, 154, 155 These precursors include N-trimethyl ammonio propyl 

perfluorooctane sulfonamide (TAmPr-FOSA), N-dimethyl ammonio propyl 

perfluorooctane sulfonamide/amide (AmPr-FOSA/FOAd), and N-oxide dimethyl 

ammonio propyl perfluorooctane sulfonamide/amide (OAmPr-FOSA/FOAd), which share 

the ammonio propyl perfluorohexane sulfonamide or amide structures and can be 

transformed to PFOS or PFOA as terminal transformation products. 

A biotransformation pathway involving these ECF-based precursors are illustrated in 

Figure 2-4 based on previous literature.33, 34, 52, 154-159 As shown in Figure 2-4a, EtFOSE is 

first oxidized to N-ethyl perfluorooctane sulfonamido acetic acid (EtFOSAA) with 

EtFOSE aldehyde as an intermediate. Through decarboxylation, EtFOSAA is converted 

into EtFOSA. N-EtFOSA can go through monooxygenation of the alkyl group to yield 

EtFOSA alcohol, which can then go through subsequent oxidations to yield EtFOSA 

aldehyde and perfluorooctane sulfonamido acetic acid (FOSAA).157 Then FOSAA is 

converted to FOSA via decarboxylation. FOSA is converted into the terminal product 

PFOS with perfluorooctane sulfinate (PFOSi) as an intermediate. Biotransformation of 
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SAmPAP diester in sediments was controversial: one study reported it was recalcitrant 

while the other found that it was transformed to EtFOSE, then underwent EtFOSE 

transformation pathways to generate PFOS.156, 159 In addition, OAmPr-FOSA and TAmPr-

FOSA can be converted to AmPr-FOSA by reduction and losing one of the three methyl 

groups in the non-fluorinated moiety, respectively. Then another methyl group is lost from 

the end group of AmPr-FOSA resulting in N-methyl ammonio propyl perfluorooctane 

sulfonamide (M-AmPr-FOSA) through demethylation. M-AmPr-FOSA can be 

transformed to perfluorooctane sulfonamide propanoic amine (FOSA-PrAn), 

perfluorooctane sulfonamido propanoic acid (FOSA-PrA), and EtFOSA successively, 

likely by losing one more methyl group, dealkylation/oxidation, and decarboxylation, 

successively. After EtFOSA, it undergoes the same pathways to form FOSA and PFOS 

finally.  

Biotransformation of a few amide-derived ECF-based precursors, such as OAmPr-

FOAd and AmPr-FOAd have also been studied.52, 154, 155 OAmPr-FOAd and AmPr-FOAd 

are analogous to OAmPr-FOSA and AmPr-FOSA, and their biotransformation pathways 

share many similarities with those of their sulfonamide-derived counterparts but produce 

PFOA as the terminal transformation product, which are presented in Figure 2-4b. 
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Table 2-3 Summary of literature documenting microbial transformation of ECF-based PFAS. 

Compound(s) Redox conditions and environmental matrix References 

Aerobic Methanogenic 
 

N-EtFOSEa Activated sludge, pristine soils, sediment Activated sludge 33-36, 152, 156-158, 160, 161 

N-MeFBSEb  Activated sludge 161 

N-EtFOSAc Pristine soil, wetland slurry  158, 162 

FOSAd Groundwater, pristine soil  152, 163 

SAmPAP diestere Sediment  159 

TAmPr-FOSAf Pristine soils  154 

AmPr-FOSA/FOAdg Pristine soils  52, 154, 155 

AmPr-FHxSAh Enrichment bacterial culture from soil  164 

OAmPr-FOSA/FOAdi Pristine soils  155 

a. N-EtFOSE: N-ethyl perfluorooctane sulfonamido ethanol 

b. N-MeFBSE: N-methyl perfluorobutane sulfonamido ethanol 

c. N-EtFOSA: N-ethyl perfluorooctane sulfonamide 

d. FOSA: perfluorooctane sulfonamide 

e. SAmPAP diester: EtFOSE-based phosphate diester 

f. TAmPr-FOSA: N-trimethyl ammonio propyl perfluorooctane sulfonamide 

g. AmPr-FOSA/FOAd: N-dimethyl ammonio propyl perfluorooctane sulfonamide/amide 

h. AmPr-FHxSA: N-dimethyl ammonio propyl perfluorohexane sulfonamide 

i. OAmPr-FOSA/FOAd: N-oxide dimethyl ammonio propyl perfluorooctane sulfonamide/amide 
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Figure 2-4 Proposed biotransformation pathways of ECF-based precursors adapted from prior literature: (a) sulfonamide-derived and 

(b) amide-derived compounds.33, 34, 52, 154-159 
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2.3.3 Biotransformation of other PFAS 

A few studies have investigated biodegradability of PFAAs. Generally, PFAAs are regarded as 

extremely recalcitrant to biodegradation.150 In contrast, PFOA and PFOS were previously reported 

to be eliminated using activated sludge under anaerobic conditions.165, 166 Removal of PFOA and 

PFOS by pure bacterial culture has also been observed.167-169 However, distinct fluoride formation 

was not observed and transformation products from PFOA or PFOS were not identified in these 

studies. Recently, an autotroph responsible for ammonium oxidation under iron-reducing 

conditions was reported to reductively defluorinated PFOA and PFOS and produce shorter chain 

PFCAs, PFSAs, and acetate.116 The existence of these conflicting results suggest that more work 

needs to be done to fully understand the biotransformation of PFAAs. 

 A research group from University of California, Riverside conducted a series of experiments 

using a dechlorinating enrichment culture KB-1È (SiREM, Ontario, Canada) and microbial 

communities derived from activated sludge to investigate the biodegradability of C3 to C6 

fluorinated carboxylic acids (FCA). Their studies suggested that the Ŭ,ɓ-unsaturation plays a 

crucial role in FCA biotransformation via reductive defluorination and/or hydrogenation pathways, 

and unsaturated FCA with trifluoromethyl branches at the Ŭ/ɓ-carbon are susceptible to microbial 

defluorination.170-172 Another study from them observed defluorination of chlorine-substituted per- 

and polyfluorinated carboxylic acids under anaerobic conditions using activated sludge microbial 

communities.173 
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2.4 Conclusions and future prospects 

Although the production and use of legacy PFAS, such as PFOA and PFOS, have been banned 

for decades, transport and transformation of PFAA precursors that have been released into the 

environment in various matrices lead to threats to the environment and human health in the long 

run. As a result, the fate and transformation of PFAA precursors are of increasing scientific and 

regulatory interest and attract attention from not only academia and government entities, but also 

from innovative businesses. Several promising non-destructive and destructive technologies have 

already been well-developed in the laboratories and implemented for PFAS treatment at larger 

scales. However, many of these physicochemical technologies need further validation and 

optimization before full commercialization, and some require significant financial resources and/or 

result in other environmental issues. 

Despite the initial findings that many organic contaminants, such as chlorinated solvents and 

1,4-dioxane, were not biodegradable, bioremediation was found to be feasible later and has been 

applied as an important treatment option. Considering the advantages compared to 

physicochemical approaches, bioremediation of PFAS would be a promising method, but the 

research in finding solutions for PFAS bioremediation is still at its early stages. Some native 

microbial communities derived from the environment as well as a few bacteria and fungi were 

found to partially defluorinate PFAA precursors, such as FTSs and FTOHs. Until recently, partial 

defluorination was also reported to occur to PFOA and PFOS by an isolated bacterial strain, which 

led to the production of shorter chained PFAAs. The biggest challenge for PFAS bioremediation 
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is to find a sufficient and robust microbial strain or consortium to mineralize and detoxify PFAS 

under environmentally relevant conditions. 

Given the fact that certain PFAA precursors can yield transformation products with fewer 

perfluorinated moiety via biotransformation, and the slow progress in identifying and 

characterizing microbial degraders and functional enzymes involved in the processes, further 

studies are needed, including: 

(a) There is a need to gain a more comprehensive understanding of the biotransformation 

pathways of PFAS. Many of the currently proposed pathways are based on assumptions of 

intermediate metabolites, and there has been limited success in achieving a complete mass balance 

in studies investigating the biotransformation of PFAA precursors. However, emerging approaches 

such as suspect screening and non-targeted analysis using high-resolution mass spectrometry 

present promising opportunities for identifying novel transformation products. It is essential to 

elaborate the stepwise transformation mechanisms, particularly the identification of C-F cleavage 

sites, to better comprehend the environmental fate of PFAS and guide industries on the use of 

PFAS chemistry that supports biodegradation. Chapter 3 and 4 of this dissertation focus on 

investigating the biotransformation of representative PFAS in AFFF-impacted soils, utilizing both 

targeted and non-targeted analysis. 

(b) Further efforts are needed to uncover the molecular mechanisms involved in microbial 

biodegradation of PFAS, which include but are not limited to taking advantage of microbial 

enrichment culture and known degraders. Two strategies should be considered: one is a top-down 
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strategy, using metagenomics and metatranscriptomics as well as other bioinformatics tools, to 

explore the cooperative involvement of multiple microorganisms, and functional enzymes/genes 

that are responsible defluorination; the other is a bottom-up strategy, which involves isolating 

defluorinating microorganisms from the enrichment culture and optimizing their growth and 

biodegradation potential. Progress in finding functional enzymes associated with defluorination 

and detoxification can open new avenues to engineer the degraders for improved defluorination. 

In Chapter 5 of this dissertation, a network-based analytical approach and a metagenome 

prediction tool were employed to gain insights into the structure and function of soil microbial 

communities associated with PFAS biotransformation. 

(c) Future studies may combine biotransformation with other physicochemical approaches for 

the complete degradation of PFAS, as current PFAS biotransformation does not provide complete 

mineralization and physicochemical processes may produce byproducts that are still contaminants 

and need to be polished. In Chapter 6 of this dissertation, a coupled biological and adsorptive 

system was tested for remediation of mixed PFAA and chlorinated ethenes contaminated 

groundwater. 
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3 Aerobic Biotransformation of 8:2 Fluorotelomer Alcohol in Aqueous Film-Forming 

Foam-Impacted Soils 

 

 

This chapter has been published in the Journal of Hazardous Materials (2023) by S. Dong, P-F. 

Yan, C. Liu, K.E. Manz, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and N.L. C§piro. The title of 

the publication is "Assessing Aerobic Biotransformation of 8:2 Fluorotelomer Alcohol in Aqueous 

Film Forming Foam Impacted Soil: Pathways and Microbial Community Dynamics." The 

Supplementary Material in the publication is provided as Appendix A. 

 

 

Abstract 

Production of 8:2 fluorotelomer alcohol (8:2 FTOH) for industrial and consumer products, 

including aqueous film-forming foams (AFFFs) used for firefighting, has resulted in its widespread 

occurrence in the environment. However, the fate of 8:2 FTOH at AFFF-impacted sites remains 

largely unknown. Using AFFF-impacted soils from two United States Air Force Bases, microcosm 

experiments evaluated the aerobic biotransformation of 8:2 FTOH (extent and byproduct 

formation) and the dose-response on microbial communities due to 8:2 FTOH exposure. Despite 

different microbial communities, rapid transformation of 8:2 FTOH was observed during a 90-day 

incubation in the two soils, and 7:2 secondary fluorotelomer alcohol (7:2 sFTOH) and 

perfluorooctanoic acid (PFOA) were detected as major transformation products. Novel 

transformation products, including perfluoroalkane-like compounds (1H-perfluoroheptane, 1H-

perfluorohexane, and perfluoroheptanal) were identified by liquid chromatography-high resolution 



38 

 

mass spectrometry (LC-HRMS) and used to develop aerobic 8:2 FTOH biotransformation 

pathways. Microbial community analysis suggests that species from genus Sphingomonas are 

potential 8:2 FTOH degraders based on increased abundance in both soils after exposure, and the 

genus Afipia may be more tolerant to and/or involved in transformation of 8:2 FTOH at elevated 

concentrations. These findings demonstrate the potential role of biological processes on PFAS fate 

at AFFF-impacted sites through fluorotelomer biotransformation. 
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3.1 Introduction 

Fluorotelomer alcohols [(n:2) FTOHs, F(CF2)nCH2CH2OH] are ubiquitous in the environment 

and are associated with a variety of adverse health and environmental impacts. FTOHs are a group 

of polyfluorinated compounds used in a wide range of industrial and consumer products, including 

waterproofing agents, polishes, lubricants, paints, paper, textiles, non-stick cookware, and 

firefighting agents.18, 19, 174 As a result, FTOH contamination is present in many environmental 

matrices, including the atmosphere,175 indoor air,176 wastewater treatment plant (WWTP) effluent 

and sludge,177, 178 and sludge-applied soils.179 Adverse health effects resulting from exposure to 

FTOHs and associated transformation products, such as perfluoroalkyl carboxylic acids (PFCAs), 

have been documented in animal models and human cells.180-182  

Among FTOHs of varying chain lengths, 8:2 FTOH [F(CF2)8CH2CH2OH] has received special 

attention because it is the dominant homologue in the synthesis of modern fluorotelomer-based 

products.183, 184 Also, 8:2 FTOH has been detected as an active ingredient (average concentrations 

ranging from 8-26.5 mg/L) in some aqueous film-forming foam (AFFF) formulations, which have 

been widely used to extinguish hydrocarbon-fuel fires.18, 19, 184 Furthermore, intermediates in the 

biotransformation of FTOHs to PFCAs, such as saturated and unsaturated fluorotelomer 

carboxylic acids (FTCAs), are more toxic than the PFCAs to algae and aquatic animals.185-187 

Given the potential for the release of 8:2 FTOH-based products into the environment and the 

toxicity of 8:2 FTOH and its biotransformation products, it is critical to understand 8:2 FTOH 

biotransformation pathways and mechanisms for assessing its environmental fate. 
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Microbial transformation of 8:2 FTOH has been investigated in different environmental 

matrices, including pristine soils, WWTP activated sludge and digester sludge, as well as landfill 

leachate sediment under aerobic21-26 and anaerobic conditions.27, 28 These studies in various 

environmental matrices documented different 8:2 FTOH biotransformation products. For example, 

7:2 ketone [F(CF2)7C(O)CH3] was found in an 8:2 FTOH transformation experiment using a 

Pseudomonas culture and native microbial communities in pristine soil, while 7:3 U amide 

[F(CF2)7CH=CHCONH2] was only documented in activated sludge.
24, 25, 124 These findings 

indicate that distinct microbial populations may lead to different 8:2 FTOH biotransformation 

pathways. 

Due to the extensive and repeated application of AFFF at military, civilian aviation, and 

firefighting facilities, it is particularly relevant to understand 8:2 FTOH biotransformation in 

AFFF-impacted soils. However, no previous study has investigated aerobic biotransformation of 

8:2 FTOH in AFFF-impacted soil and the associated microbial communities. It is necessary to fill 

these research gaps in order to increase understanding of the fate of 8:2 FTOH in the environment 

and facilitate the development of innovative microbial-based remediation strategies. 

Therefore, this study aimed to (a) investigate 8:2 FTOH biotransformation (byproducts and 

pathways) under aerobic conditions in two AFFF-impacted soils, and (b) evaluate the composition 

shift of two soil microbial communities during 8:2 FTOH biotransformation. To achieve this, 90-

day microcosm experiments using two geographically distinct soils were carried out. Targeted and 

non-targeted mass spectrometry were employed to identify the possible formation of previously 
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documented 8:2 FTOH biotransformation products and unknown products, respectively. Both 

novel and previously identified transformation products were used to propose 8:2 FTOH 

transformation pathways under aerobic conditions. Illumina high-throughput sequencing was 

utilized to assess the response of soil microbial communities during 8:2 FTOH biotransformation. 

3.2 Materials and methods 

3.2.1 AFFF-impacted soils 

Two soils were used in this study: one was collected from an AFFF spray test area with a hand 

auger down to 1.8m at Robins Air Force Base (AFB) (Houston County, Georgia, USA); and the 

other was collected by shovel proximate to a crash site and fire station at the former Loring AFB 

(Aroostook County, Maine, USA). Detailed information on physical and chemical properties of 

these two soils (moisture content, organic matter content, pH, cation exchange capacity (CEC), 

particle size) are provided in the Appendix-Section A1. Both locations were impacted by PFAS 

from historical application(s) of AFFF. Prior to microcosm preparation, the soils were 

homogenized, ground with a mortar and pestle, passed through a 2 mm sieve (ASTM E11 # 10 

size) and stored at 4 ÁC. 

3.2.2 Robins biotransformation experiment 

Robins biotransformation experiment was conducted in Wheaton glass serum bottles (160-mL) 

containing 100 mL of 30 mM bicarbonate-buffered, sterile mineral salts medium and capped with 

aluminum crimp-sealed butyl rubber septa (Chemglass; Vineland, NJ). Mineral medium was 
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prepared according to the recipe by Lºffler et al.188 with modifications to allow for aerobic 

microbial processes. Specifically, resazurin and L-cysteine were omitted due to the potential to 

serve as carbon sources, while L-cysteine and sodium sulfide were eliminated since highly reduced 

medium was not required for microbial growth under aerobic conditions. Microcosms were 

prepared by adding approximately ten grams (dry weight) of damp Robins AFB soil into each 

bottle as the microbial inocula. Each bottle of live treatment was then dosed with 85 ɛL of a 200 

mg/L 8:2 FTOH stock solution prepared in diethylene glycol butyl ether (DGBE) to yield an initial 

concentration of approximately 170 ɛg/L (see Table 3-1 for experiment set-up). DGBE is the 

primary organic solvent in AFFF formulations and was used as carbon source and electron donor 

in the microcosms.140  

A set of abiotic controls was prepared by amending the medium with 1 g/L sodium azide 

(determined through a preliminary experiment detailed in Appendix-Section A2) to inhibit 

microbial activity, while the other aspects of the preparation procedures were identical to the live 

treatment (Table 3-1). The abiotic control was used to assess the potential abiotic transformation 

of 8:2 FTOH and other PFAS in the Robins AFB soil and to evaluate other potential losses. A 

18GĬ1ᾳᾳ needle was connected to a pre-conditioned C18 SPE cartridge (Maxi-CleanÊ, Alltech, 

Deerfield, IL, USA) and inserted into the headspace of each live treatment and abiotic control. The 

cartridge ensured the aeration in microcosms, while capturing 8:2 FTOH and other volatile 

transformation products during incubation. Additionally, live controls containing sterile mineral 

salts medium, Robins AFB soil, and 85 ɛL of DGBE were prepared to evaluate the background 
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levels of PFAS in the soil and to monitor their potential biotransformation products (Table 3-1). 

In live control bottles where 8:2 FTOH was not added, a 0.22 ɛm sterile PES syringe filter was 

placed on top of the needle instead of the C18 cartridge to maintain aeration. Live treatments were 

run in triplicate and all controls were run in duplicate. All the bottles were shaken at 150 rpm in a 

25 ÁC incubator (New Brunswick, NJ) for 90 days.  

Samples from each phase (aqueous phase, solid phase, and headspace) were collected using 

method described in Section 3.2.4 on day 0, 3, 7, 14, 28, 56, and 90 for targeted PFAS analysis. 

Day 0 and day 90 samples were also pooled from each phase for non-targeted PFAS analysis 

(described in Section 3.2.5).  Additionally, slurry samples from the live treatments and live 

controls were collected according to the method in Section 3.2.6 at day 7 and day 90 for DNA 

extraction and microbial community analysis. Day 7 was used rather than day 0 because the native 

microbial community from Robins AFB soil (day 0) contained very low microbial biomass (< 1 

ng/g) and could not provide enough DNA for quantification and subsequent sequencing (detailed 

information on DNA yields of Robins AFB soil is provided in Appendix-Section A3). 

3.2.3 Loring biotransformation experiment 

Since the DNA yield from Robins AFB soil was less than typical natural soils (at ɛg/g to mg/g 

level), additional evaluations of the soil microbial community dynamics during 8:2 FTOH 

biotransformation were investigated using Loring AFB soil, which contains a more abundant 

microbial quantity (detailed in Appendix-Section A2). The microcosms in Loring 

biotransformation experiment were prepared similarly to the microcosms in the Robins 
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biotransformation experiment as described in Section 3.2.2. To impose extreme pressure on the 

soil microbial community, a high-dose treatment was set up in the Loring biotransformation 

experiment in addition to the low-dose treatment, which was same as the live treatment in the 

Robins biotransformation experiment, and live control, (See Table 3-1). In the high-dose treatment, 

1,700 Õg/L of 8:2 FTOH was amended every two weeks. During the 90-day incubation, additional 

DGBE was supplemented as a carbon source in the live controls and low-dose treatments as needed 

based on total organic carbon (TOC) measurements every two weeks. Samples from the aqueous 

phase, solid phase, headspace, as well as slurry samples were collected on day 0 and 90 for targeted 

and non-targeted PFAS analysis and microbial community analysis using the method described in 

Sections 3.2.5 and 3.2.6, respectively. 
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Table 3-1 Experimental setup examining aerobic biotransformation of 8:2 FTOH and soil microbial community dynamics during 8:2 

FTOH biotransformation. 

Experiment Treatment 

Components 

Analyses performed 

Soil type 
Spiked 8:2 FTOH 

(ɛg/L) at day 0 

Amended 

NaN3 

Robins biotransformation 

experiment 

Live treatment Robins 170 N/A PFAS 

analysisc 

Microbial community 

analysise 
Abiotic control Robins 170 Yesb 

Live control Robins N/A N/A 

Loring biotransformation 

experiment  

High-dose treatment Loring 1,700a N/A PFAS 

analysisd 

Microbial community 

analysisf 
Low-dose treatment Loring 170 N/A 

Live control Loring N/A N/A 

a. Amended with additional 1,700 ɛg/L 8:2 FTOH at day 14, 28, 42, 67, and 82. 

b. 1 g/L NaN3. 

c. Samples of day 0, 3, 7, 14, 28, 56, 90 were analyzed using LC-MS/MS for targeted PFAS quantification; samples of day 0, 28, 

and 90 were also analyzed using LC-HRMS for non-targeted PFAS analysis. 

d. Samples of day 0 and 90 were analyzed for both targeted and non-targeted PFAS analysis.  

e. Biomass samples of day 7 and 90 were analyzed using 16S rRNA gene amplicon sequencing. 

f. Biomass samples of day 0, and 90 were analyzed using 16S rRNA gene amplicon sequencing
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3.2.4 Sampling and PFAS extraction 

At each sampling point the headspace of the live treatments and abiotic controls was 

sampled by flushing with approximately1.5 L/min sterile air through the C18 cartridge for 

5 min to capture 8:2 FTOH and other volatile compounds. The C18 cartridges were 

subsequently removed and eluted with 5 mL methanol. A new pre-conditioned cartridge 

was then installed after aqueous and solid phase samples were collected. Approximately 2 

mL of well-mixed slurry was withdrawn by a 3-mL disposable polypropylene syringe (BD; 

Franklin Lakes, NJ) from each bottle into a 2-mL microcentrifuge tube, and then 

centrifuged at 21,100 Ĭ g for 10 min.  

Five hundred microliters of supernatant were immediately diluted in 9.5 mL methanol 

and filtered through a 0.2 Õm nylon filter (Corning, Inc., Corning, NY, USA) for 

quantification of PFAS in the aqueous phase. Three hundred microliters of supernatant 

were diluted in 8 mL ultrapure water for total organic carbon (TOC) analysis to estimate 

the consumption of DGBE on a Shimadzu TOC-V CPH analyzer (Shimadzu, Kyoto, Japan). 

The soil pellet that remained in the centrifuge tube was resuspended with 1.5 mL methanol, 

vortexed for 20 min, ultra-sonicated at 60 ÁC in a water bath for 20 min, followed by 

centrifugation at 21,100 Ĭ g for 10 min. One milliliter of the soil extract subsequently was 

diluted with 9 mL methanol and filtered through a 0.2 Õm nylon filter for solid phase PFAS 

quantification. All headspace eluents, methanol-diluted aqueous phase samples and 

methanol-extracted solid phase samples were stored at ï20 ÁC until PFAS analysis. 
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3.2.5 Targeted analysis by LC-MS/MS and non-targeted analysis by LC-HRMS 

Parent 8:2 FTOH and target biotransformation products collected from the C18 

cartridge eluent, methanol-diluted aqueous phase samples, and methanol-extracted solid 

phase samples were detected and quantified by a Waters ACQUITY ultra high-performance 

liquid chromatograph coupled with a Waters Xevo triple quadrupole mass spectrometer 

(LC-MS/MS) (Waters Corporation, Milford, MA). Analytical standards, methods and 

instrumental parameters are provided in Appendix-Section A4&A5, Table A-1&A-2. The 

detection limits of target biotransformation products are shown in Appendix-Table A-3. 

To identify potential novel 8:2 FTOH biotransformation products generated in both 

microcosm experiments, non-targeted PFAS analysis was performed using a Thermo Q 

Exactive HF-X Orbitrap liquid chromatography-high resolution mass spectrometry (LC-

HRMS) system. Prior to the analysis, the C18 cartridge eluent, methanol-diluted aqueous 

phase samples, and methanol-extracted solid phase samples collected at the beginning and 

end of the experiment (day 0 and day 90) were pooled for each treatment and control. All 

pooled samples were injected three times, which facilitated filtering out the features that 

were not reproducible across replicate injections. Detailed information on instrumental 

settings and procedures of data processing are presented in Appendix-Section A6.  

3.2.6 DNA extraction and microbial community analysis 

Biomass samples were collected by mixing the medium and soil in the microcosm 

thoroughly, followed by transferring to a 2-mL centrifuge tube for centrifugation at 21,100 
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Ĭ g for 10 minutes. The supernatant was then removed, and the remaining pellets were 

stored at ï80 ÁC until DNA extraction. DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) 

was used for DNA extraction according to the manufacturerôs protocols. The DNA samples 

extracted from replicate cultures were pooled and stored at ï20 ÁC prior to sequencing. 

Amplification and sequencing of microcosm DNA samples were performed at the Alkek 

Center for Metagenomics and Microbiome Research at Baylor College of Medicine. 

Briefly, the V4 region of the 16S rRNA gene was amplified by PCR using barcoded primer 

sets (515F/806R) and sequenced on the MiSeq platform (Illumina, San Diego, CA) using 

a 2 Ĭ 250 bp paired-end protocol.189, 190 The produced read pairs were demultiplexed, 

filtered and merged using parameters optimized form the 16Sv4 amplicon type.191, 192 

Resulting reads were denoised using the Deblur algorithm following the default workflow 

and the length limit of 252 bp. The generated sequences were mapped against the latest 

SILVA Database.193 ATIMA (Agile Toolkit for Incisive Microbial Analyses) was used to 

analyze and visualize trends in taxa abundance, alpha diversity, and beta diversity. 

Additionally, STAMP (Statistical Analysis of Metagenomics Profiles) software (version 

2.1.3), was used to evaluate the significant differences in relative abundance at different 

taxonomic levels.194 The statistical significance between samples was tested using the two-

sided Fisherôs exact test with the Benjamini-Hochberg False Discovery Rate procedure. 

3.3 Results and discussion 

In this study, two sets of microcosm experiments were conducted to study the aerobic 
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transformation products of 8:2 FTOH after 90 days of incubation in Robins and Loring 

AFB soils. The microbial community composition changes in these two soils after 90 days 

were also evaluated. Aerobic 8:2 FTOH biotransformation pathways were proposed based 

on the biotransformation products identified in this study and the pathways proposed in 

previous studies on 8:2 FTOH biotransformation.25-28, 123, 124 In addition, the 8:2 FTOH 

biotransformation kinetics in Robins AFB soil was determined. To reflect a worst-case 

scenario, the shift of microbial community in Loring AFB soil during biotransformation of 

8:2 FTOH with a high concentration was investigated.  

3.3.1 Biotransformation of 8:2 FTOH in Robins AFB soil 

3.3.1.1 Parent compound biotransformation and kinetics 

Throughout the 90-day Robins biotransformation experiment, 85ï127 mol% of initially 

spiked 8:2 FTOH was measured in the abiotic controls without significant changes (p > 

0.05) (Figure 3-1a). The absence of microbial activity in the abiotic controls was 

confirmed through organic carbon measurements that did not change significantly (C/C0 = 

106.5 Ñ 6.0 %, p > 0.05); in contrast, decreasing organic carbon in the live treatments and 

live controls by approximate 90% within 2-3 weeks after each addition of DGBE was 

indicative of microbial activity in these bottles (Appendix-Figure A-1). These results 

confirm the integrity of the experimental systems and the abiotic stability of 8:2 FTOH 

under the experimental conditions, consistent with prior studies.21, 23, 26 
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Figure 3-1 Profiles of 8:2 FTOH and its biotransformation products from the Robins 

biotransformation experiment during 90-day incubation: (a) residual molar percentage of 

8:2 FTOH in the live treatment, abiotic control, and live control; error bars represent one 

standard deviation of triplicate live treatments and duplicate abiotic/live controls; (b) 

molar yields of quantified biotransformation products in the live treatment; error bars 

represent one standard deviation of triplicate live treatments. 

 

In the live treatment, 8:2 FTOH was transformed rapidly, with 7 mol% of 8:2 FTOH 

remaining in the systems after 90 days (Figure 3-1a). The 8:2 FTOH biotransformation in 

Robins AFB soil was fitted with first-order exponential and first-order double exponential 

decay models (see Appendix-Table A-4 and Table 3-2, respectively). First-order 

exponential models are frequently used to describe biodegradation kinetics and has been 

used to depict the biotransformation of 8:2 FTOH under nitrate-reducing conditions and 

for the biotransformation of other PFAS.126, 133 However, it was found in this study that a 

first-order double exponential decay model better fit the data (R2 of 0.995 vs 0.969); the 

associated fitted curve is presented in Appendix-Figure A-2. It was hypothesized that 
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biotransformation of 8:2 FTOH occurs following a two-step mechanism. This assertion is 

based on previously reported studies examining anaerobic biodegradation of 8:2 FTOH in 

activated sludge and degradation of other organic compounds in natural environments.27, 

195, 196 As shown in Equation (1), the molar percentage of 8:2 FTOH remaining in the 

system (M) at time t is described mathematically as the sum of two first-order kinetic 

expressions, where M1 and M2 are constants representing molar percentages of the initial 

mass, associated with two differing transformation rate constants of k1 and k2, respectively. 

ὓὸ ὓ Ὡ ὓ Ὡ ρ  

 

Table 3-2 Fitting parameters of the first-order double exponential decay model. 

Parameter Value Standard Error Statistics  

M1 92.634 5.042 R2 0.995 

M2 8.370 4.146 Adjusted R2 0.991 

k1 0.228 0.028   

k2 0.002 0.009   

 

According to the model fits, 92.6 mol% of the initially spiked 8:2 FTOH was rapidly 

biotransformed with a half-life of about 3 days (first step), while transformation of the 

remaining 8.4 mol% 8:2 FTOH was much slower, with a half-life of more than 400 days 

(second step). The rapid biotransformation of the larger 8:2 FTOH fraction in the first step 

may be attributed to easier access to the compound by microorganisms in the aqueous phase. 

The lower biotransformation rate associated with the smaller fraction in the second step 
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may be due to the limited bioavailability of 8:2 FTOH that resulted from kinetic limitations 

associated with desorption of 8:2 FTOH from the soil matrix or microbial biomass.25, 197 

The overall half-life 8:2 FTOH in the present study (~3 days) was similar to the findings 

for 8:2 FTOH biodegradation in aerobic soils (~5 days),25 and activated sludge (< 5 days),26, 

27 but considerably shorter than the half-life reported in aerobic landfill leachate-sediment 

(> 1 year),21 water-saturated Appling soil (~210 days,198 and anaerobic digestion sludge 

(~145 days).28 The rapid 8:2 FTOH biotransformation observed herein is likely attributed 

to the prior existence of effective enzymes in the Robins AFB soil microbial community 

which were either innate or evolved during long term exposure to PFAS in the field. 

3.3.1.2 Quantified biotransformation products by LC-MS/MS 

Four polyfluorinated compounds, 8:2 FTCA [F(CF2)8CH2COOH], 8:2 FTUA 

[F(CF2)7CF=CHCOOH], 7:2 sFTOH [F(CF2)7CHOHCH3], and 7:3 acid 

[F(CF2)7CH2CH2COOH], were detected in the live treatment over the 90-day incubation 

period, while none of these compounds was detected in control bottles. These data provide 

further evidence that aerobic biotransformation of 8:2 FTOH occurred in the live treatment. 

Among the four polyfluorinated transformation products, 8:2 FTCA and 8:2 FTUA 

have been widely documented as major polyfluorinated metabolites.21, 23, 24, 26-28, 124, 130 

During the first 14 days, the yields of 8:2 FTCA and 8:2 FTUA increased concurrently with 

the consumption of 8:2 FTOH and reached a peak of 5.62% and 3.79% at day 7 and 14, 

respectively (Figure 3-1b). The lower yields of 8:2 FTCA and 8:2 FTUA observed in this 
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study compared to those in previous 8:2 FTOH biotransformation studies were likely due 

to their rapid conversion to downstream transformation products.24, 26, 124, 130 

Although 7:2 sFTOH was the most abundant polyfluorinated biotransformation product 

after 14 days, it was not detected until day 7 (Figure 3-1b). As shown in Figure 3-1b, the 

molar yield of 7:2 sFTOH reached a peak at 21.85% of initial 8:2 FTOH at day 28 and then 

gradually decreased to 7.73% at the end of the experiment. A similar trend of 7:2 sFTOH 

appearance and disappearance was observed during the aerobic biotransformation of 8:2 

FTOH in forest and agricultural soils, except that the peak concentration was reached faster 

(2ï7 days).25 Similarly, 7:2 sFTOH was found to be the most prevalent product from 8:2 

FTOH aerobic biotransformation in a mixed bacterial culture.26 Furthermore, 7:2 sFTOH 

was one of the major 8:2 FTOH metabolites produced by native soil microbes and by pure 

Pseudomonas strains under aerobic conditions.23, 124  

Although previously reported as one of the major biotransformation products in aerobic 

soils25  and landfill leachate-sediment,21 7:3 acid was the least abundant polyfluorinated 

metabolite in the present study. The molar yield of 7:3 acid at day 28 was only 0.34% of 

the initial 8:2 FTOH and declined thereafter (Figure 3-1b). One possible explanation for 

the low yield of 7:3 acid in this study is due to its rapid ɓ-oxidation and further 

transformation to PFOA.24, 26, 27 However, some studies have presented differing 

observations of 7:3 acid stability. For example, ɓ-oxidation of 7:3 acid to PFOA was not 

observed in forest and agricultural soils.25 It was also found that 7:3 acid could accumulate 
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over periods of 90 days to 7 months in soils, digested sludge, and landfill leachate 

sediment.21, 25, 28 

In addition to polyfluorinated transformation products, PFOA has been widely reported 

as a major stable 8:2 FTOH transformation product.21, 23-26, 124, 130, 199 Consistent with prior 

studies, PFOA was detected as an 8:2 FTOH biotransformation product in live treatments. 

The molar yield of PFOA was calculated by subtracting the background concentration in 

the live control samples from the live treatment samples (Figure 3-1b), as 

biotransformation of both 8:2 FTOH and other unknown PFOA precursors could have 

contributed to the formation of PFOA. During the 90-day incubation, PFOA was detected 

at day 3 and increased continuously to 6.02% of the initial 8:2 FTOH concentration without 

reaching a steady-state concentration. PFPeA, PFHxA, PFHpA, PFNA, and PFDA were 

also detected throughout the experiment period in the live treatment, and abiotic and live 

control groups. The masses of PFPeA, PFHpA, PFNA, and PFDA remained relatively 

steady at low levels (<1 nmole) and did not change significantly (p > 0.05) over time 

(Appendix-Figure A-3). Although the mass of PFHxA was measured at slightly over 2 

nmole from the initial time point, no significant (p > 0.05) increase of PFHxA mass was 

observed (Appendix-Figure A-3). These results are not consistent with prior studies that 

found PFCAs, including PFBA,27, 199 PFPeA,27, 199 PFHxA,21, 23-28, 124, 199 PFHpA,21, 23, 27, 

199 and PFNA,199 were formed from 8:2 FTOH biotransformation.  

A possible explanation for the observed differences in formation of biotransformation 
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products, including poly- and perfluorinated compounds, between this and earlier studies 

could be related to differences in microbial communities associated with different 

environmental matrices. Note that not all PFCAs (C4-C9) that have been identified in 

earlier studies were identified as biotransformation products in this study. It is possible that 

those PFCAs were produced as 8:2 FTOH biotransformation products in trace amounts but 

were masked by background levels of PFAS contaminants in the AFFF-impacted soils. 

3.3.1.3 Mass balance 

The mass balance was expressed as the % ratio of molar mass recovered at certain 

timepoints to the total molar mass of initially spiked 8:2 FTOH. The mass balance by day 

90 reached 58.5 mol% (Appendix-Figure A-5 and Table A-6), which is consistent with 

previous studies (~40ï65%).21, 27, 124, 130 There are several possible causes for the 

incomplete mass balance. First, irreversible sorption to microcosm solids could reduce the 

extraction efficiencies of 8:2 FTOH and its biotransformation products. Previous studies 

revealed that up to 35% of 8:2 FTOH was irreversibly bound to soils.25 Also, some 8:2 

FTOH transformation products (e.g., 8:2 FTUA) can covalently bond with biological 

macromolecules, hindering their extraction and quantification.124, 130, 200 Second, mass loss 

could result from mineralization of b- and g-carbon of 8:2 FTOH,24, 26 masked PFCA 

generation by background contamination levels, and the potential loss of volatile 

biotransformation products during sampling. Third, additional unknown products formed 

during the biotransformation of 8:2 FTOH could account for some mass loss. Therefore, 
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non-targeted PFAS analysis was performed to identify those unknown products, as 

discussed in Section 3.3.3.1. 

3.3.2 Biotransformation of 8:2 FTOH in Loring AFB soil 

Native microorganisms in Loring AFB soil also showed effective transformation of 8:2 

FTOH, including the treatments with a higher starting concentration of 8:2 FTOH (1,700 

ɛg/L). In the Loring biotransformation experiment, 5.8-10.1 mol% of spiked 8:2 FTOH 

remained in the system after 90 days, which is comparable to the result in Robins AFB soil 

(7 mol% of 8:2 FTOH remaining after 90 days). 

The polyfluorinated compounds quantified at the end of the Loring biotransformation 

experiment are shown in Appendix-Table A-5. Similar to the Robins biotransformation 

experiment, in the low-dose treatment in the Loring biotransformation experiment, the 

concentrations of 8:2 FTCA and 8:2 FTUA at day 90 were lower than the limits of detection; 

the two most abundant transformation products were 7:2 sFTOH and 7:3 acid with yields 

of 33.0 mol% and 3.0 mol%, respectively. In the high-dose treatment at day 90, 7:2 sFTOH 

was also the biotransformation compound of measurable abundance (6.9 mol%), while the 

concentration of 7:3 acid was below the detection limit. In contrast to the low-dose 

treatment, 8:2 FTCA and 8:2 FTUA were still detected at day 90 with yields of 0.2 mol% 

and 1.0 mol%, respectively, in the high-dose treatment. While C4-C10 PFCAs were detected 

in both low-dose and high-dose treatments, the masses of these PFCAs were significantly 

higher (p < 0.05) in samples from the high-dose treatment at day 90 compared to those 



57 

 

from the live control. However, significantly higher mass (p < 0.05) of only PFHpA and 

PFOA were detected in the low-dose treatment (Appendix-Figure A-4). The total mass 

recovery by day 90 was 44.7% and 30.3 mol% in the low-dose treatment and high-dose 

treatment, respectively, which are lower than that of the 8:2 FTOH biotransformation 

experiment with Robins AFB soil (58.5%). 

3.3.3 Novel 8:2 FTOH biotransformation products and proposed pathways 

3.3.3.1 Potential novel transformation products identified by non-targeted analysis 

As shown in Appendix-Table A-7, ten candidate 8:2 FTOH transformation products 

were identified and assigned confidence levels 1-4, with 4 indicating the least likely and 1 

being the most likely.201 The change in peak area counts over time for the candidate 

products are plotted in Appendix-Figures A-6, A-7, and A-8. 

Three of the ten candidates were classified as level 4 (unequivocal molecular formula) 

due to lack of MS2 spectrum data. However, according to their exact mass (m/z = 438.9822, 

m/z = 356.9785, and m/z = 391.0009) and customized suspect mass list based on prior 

literature,202 7:3 U amide, 6:2 FTUA [F(CF2)5CF=CHCOOH], and 6:3 acid 

[F(CF2)6CH2CH2COOH]) were proposed as the potential transformation products, 

respectively. Previously, 7:3 U amide was determined as an 8:2 FTOH biotransformation 

product in activated sludge, although the identification was not confirmed due to the lack 

of an authentic standard.26 Neither 6:2 FTUA nor 6:3 acid has been previously reported as 

8:2 FTOH transformation products. Longer chain fluorotelomer carboxylic acids have been 
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documented as precursors of shorter chain fluorotelomer carboxylic acids. For example, 

5:3 acid [F(CF2)5CH2CH2COOH] could produce 4:3 acid [F(CF2)4CH2CH2COOH] and 3:3 

acid [F(CF2)3CH2CH2COOH] with 4:2 FTUA [F(CF2)3CF=CHCOOH] as an intermediate 

through one-carbon removal pathway.123 Similarly, it is possible that 6:2 FTUA and 6:3 

acid could be generated from the biotransformation of 7:3 acid. 

Five of the ten candidates were assigned as level 3 (tentative candidates). The structures 

of level 3 compounds were based on an exact mass, MS2 spectrum data, and matching to 

MetFrag simulations.203 Based on the results of suspect screening, compounds of m/z = 

438.9822 and m/z = 376.9691 were proposed to be 7:3 U acid [F(CF2)7CH=CHCOOH] 

and 6:2 FTCA [F(CF2)6CH2COOH], respectively. Although not quantified due to lack of 

analytical standard in this study, 7:3 U acid has been identified as an 8:2 FTOH 

biotransformation product in prior studies and reported as a precursor to 7:3 acid and other 

polyfluorinated transformation products.21, 26-28, 124 The formation of 6:2 FTCA in the 

present study could be attributed to one-carbon removal pathway as an intermediate from 

7:3 acid to 6:3 acid. The compound with m/z = 458.9885 was identified as 3-fluoro-7:3 

acid [F(CF2)7CHFCH2COOH]. As 3-fluoro-5:3 acid [F(CF2)5CHFCH2COOH] was 

proposed as 6:2 FTUA biotransformation product, similar reaction could occur to 8:2 

FTUA, leading to formation of 3-fluoro-7:3 acid by a reductase.28 Compounds with m/z = 

346.9745 and m/z = 318.9797 were identified as perfluoroalkane-like compounds, 

perfluoroheptanal [F(CF2)6CH=O] and 1H-perfluorohexane [F(CF2)6H], respectively. Both 
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were identified as potential 8:2 FTOH biotransformation products for the first time in 

aerobic 8:2 FTOH biotransformation.  

Additionally, one of the ten compounds, 3-OH-7:3 acid [F(CF2)7CHOHCH2COOH] 

with m/z = 456.9930 was assigned as level 2 (probable structure) based on MS2 

fragmentation. 3-OH-7:3 acid is a hypothesized 8:2 FTOH biotransformation product in 

soils, generating from 7:3 U acid.25 No reference standards were available for the nine 

transformation product candidates with confidence level 2-4 discussed above. Only one of 

the ten compounds (m/z = 368.9764) was classified as level 1, 1H-perfluoroheptane 

[F(CF2)7H]). Reference standards were available for 1H-perfluoroheptane and used to 

confirm the identification (Appendix-Figure A-9). 

All ten candidate products were detected in samples from the high-dose treatment in 

the Loring biotransformation experiment, while only three of the ten were detected in 

samples from the low-dose treatment in the Loring biotransformation experiment and four 

from the Robins biotransformation experiment (Appendix-Table A-7). The distinct 

transformation products could be associated with different metabolic pathways or due to 

lower yields in the low-dose experiments, making it difficult to detect in the non-targeted 

analysis or distinguish these compounds from the background levels. 

3.3.3.2 Aerobic biotransformation pathways 

The proposed 8:2 FTOH biotransformation pathway under aerobic conditions (Figure 

3-2) is based on biotransformation products detected by LC-MS/MS targeted analysis and 
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by non-targeted HRMS in this study, and on pathways proposed in earlier publications.24-

28, 124 First, 8:2 FTOH could be oxidized to 8:2 fluorotelomer aldehyde (8:2 FTAL) 

[F(CF2)8CH2CHO] by alcohol dehydrogenase(s), and further oxidized to 8:2 FTCA by 

aldehyde dehydrogenase(s). Although 8:2 FTAL was commonly recognized as an 8:2 

FTOH biotransformation product in aerobic soil and activated sludge,25, 26 it was not 

identified in this study, consistent with studies using aerobic sludge and digester sludge 

under anaerobic conditions.27, 28 It is believed that 8:2 FTAL is unstable and could be 

rapidly oxidized to 8:2 FTCA, which was detected in this study. Subject to hydrogen 

fluoride (HF) elimination, 8:2 FTCA could form 8:2 FTUA, which was also detected. 

Fluoride ion was measured in this study, although no distinguishable increase of fluoride 

was observed in live treatments from the background levels (discussion on fluoride 

quantification is detailed in Appendix-Sections A7&A8). As speculated in a previous 

study, 8:2 FTUA could be a key branching point for subsequent biotransformation 

pathways.26 

There are three potential pathways following 8:2 FTUA formation, including 

conversion to (I) 3-fluoro-7:3 acid, (II) 7:2 sFTOH, and (III) 7:3 U acid. In branch (I), 8:2 

FTUA may undergo a reduction reaction to form 3-fluoro-7:3 acid, which was identified 

by non-targeted analysis in this study. Branch (II) involves conversion of 8:2 FTUA to 7:2 

sFTOH, which was quantified in this study. However, the intermediates between 8:2 FTUA 

and 7:2 sFTOH have been a controversial point discussed in prior.25-27, 124 For example, 7:2 
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sFTOH was first identified in 8:2 FTOH biotransformation using aerobic activated sludge 

where 8:1 olefin [(CF3(CF2)6CF=CH2] and 7:2 olefin [(CF3(CF2)6CH=CH2] were proposed 

as its precursors.26 A study investigating anaerobic 8:2 FTOH biotransformation using 

activated sludge surmised that 7:2 olefin could be a precursor to 7:2 sFTOH, although 7:2 

olefin may come from other intermediates (7:3 acid and 7:3 U acid).27 As 7:2 ketone rather 

than olefins was experimentally detected in previous studies using aerobic soil or pure 

Pseudomonas culture,25, 124 7:2 ketone was assumed as the precursor to 7:2 sFTOH here. 

Then, 7:2 sFTOH was further catalyzed to form PFCAs (C4-C8), possibly by 

monooxygenases via several oxidation reactions, although the mechanisms have not yet 

been identified.25, 27, 124 

Branch (III) leads to 7:3 U acid via reductive defluorination by a possible 

dehalogenase.28 The reaction pathway after the formation of 7:3 U acid is split into four 

routes. Route (III-a) converts 7:3 U acid to 7:3 acid by unknown reductase(s).28 Route (III-

b) and (III-c) produce 7:3 U amide and 3-OH-7:3 acid, respectively.25, 26 Route (III-d) enters 

a single carbon removal process to generate 6:3 acid, 6:2 FTCA, 6:2 FTUA as well as short-

chain PFCAs (C4-C7) by a one-carbon removal process, which is proposed based on the 

pathways found in a study of 5:3 acid biotransformation.123 Since 7:2 sFTOH and PFOA 

were the two major biotransformation products, and 7:3 acid and/or C4-C7 PFCAs were 

minor products (Figure 3-1b, Appendix-Table A-5), the biotransformation pathway 

involving 7:2 sFTOH could be a major pathway that soil microbial communities in this 
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study were able to utilize. 

The newly identified perfluoroalkane-like compounds might be involved in one 

pathway after production of 7:2 ketone or 7:3 acid, where perfluoroheptanal is the 

intermediate between 1H-perfluoroheptane and PFHpA. Through a similar mechanism, 

1H-perfluorohaxane, might be produced after 6:3 acid to generate PFHxA. No evidence 

has been documented that perfluoroalkane-like compounds are precursors to PFCAs. 

Additional experiments are needed to investigate the formation mechanisms of these novel 

transformation products. 
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Figure 3-2 Proposed aerobic biotransformation pathways of 8:2 FTOH based on this 

study and previous studies.24-28, 124 Red and blue arrows represent the pathways harbored 

by microbial communities in Loring and Robins AFB soils, respectively. Compounds in 

the orange box were directly quantified by LC-MS/MS in this study, except for those 

with brackets. Compounds in brackets were not detected by LC-MS/MS in this study but 

have been documented as 8:2 FTOH biotransformation products. Compounds in dashed 

boxes are tentative biotransformation products identified in non-targeted analysis by LC-

HRMS in this study. Compounds/pathway with dashed arrows in blue boxes are proposed 

based on prior literature. Compounds/pathway in green boxes with dashed arrows are 

newly identified in this study. 
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3.3.4 Microbial community dynamics during aerobic biotransformation of 8:2 FTOH 

3.3.4.1 Microbial community richness and diversity 

The mapped reads of 16S rRNA gene amplicons obtained from the Robins and Loring 

biotransformation experiments varied in the range of 4,753 to 12,647 (Table A-8). To 

compare diversity and richness of microbial community between different samples, the 

number of reads was rarefied to an identical sequencing depth (4,753) and clustered into 

operational taxonomic units (OTUs) ranging from 51 to 312 at a 97% similarity level. Chao 

1 and Shannon indices were calculated as microbial richness and diversity estimators, 

respectively (Appendix-Table A-8). The original Loring AFB soil had higher Chao 1 index 

and numbers of OTUs, as well as higher Shannon indices than those of Robins AFB soil. 

It indicates that the original Loring AFB soil had both higher microbial richness and 

diversity than Robins AFB soil. Principal coordinate analysis (PCoA) was also applied to 

visualize the alteration of microbial community composition across different treatments. 

Microcosms constructed with Loring AFB soil were clustered together, while all 

microcosms using Robins AFB soil were clustered together indicating that the microbial 

community composition was distinct between Loring AFB soil and Robins AFB soil 

(Appendix-Figure A-11). Although both sites were highly contaminated with PFAS, the 

lower microbial richness and diversity in Robins AFB soil are possibly associated with its 

physical/chemical characteristics, for example, lower organic carbon content (< 0.5%) 

compared to Loring AFB soil (3.5 %). In addition, based on the Shannon and Chao 1 
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indices (Appendix-Table A-8), different 8:2 FTOH doses in the Loring biotransformation 

experiment led to differences in microbial richness and diversity. Compared with the soil 

in live controls, soil used in the low-dose treatment had higher microbial richness and 

diversity, while soil used in the high-dose treatment had lower richness and diversity. This 

result suggests the possible toxicity of high concentrations of 8:2 FTOH and its 

biotransformation products and shift of microbial community towards specific microbial 

taxa during the biotransformation of higher concentration of 8:2 FTOH. 

3.3.4.2 Microbial community composition shifts in the Robins biotransformation 

experiment 

As shown in Figure 3-3a, a total of fifteen phyla were identified in the Robins AFB 

soil microbial community. Proteobacteria occupied a high proportion (78.90%) in the initial 

Robins AFB soil after a 7-day incubation with carbon source added. Other major phyla in 

the initial Robins AFB soil included Myxococcota (8.33%), Firmicutes (7.45%), 

Bacteroidota (2.88%), and Bdellovibrionota (1.41%). The phylum Proteobacteria 

dominated over the 90-day period in both live treatment (69.09%) and live control 

(74.10%). The relative abundance of phyla Firmicutes, Acidobacteriota, Myxococcota, and 

Desulfobacterota were higher in the live treatment (16.2%, 2.74%, 1.03%, and 1.18%) than 

those in the live control (10.3%, 0.61%, 0.48%, and 0.42%).  

Further analysis at the genus level revealed that obvious shifts towards an uncultured 

genus belonging to the family Symbiobacteraceae (phylum Firmicutes, 14.75% in the live 
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treatment versus 4.02% in the live control) and genus Flavisolibacter in phylum 

Bacteroidota (7.41% in the live treatment versus 0.08% in the live control). The relative 

abundance of five genera including Variovorax, Azospirillum, Ralstonia, Sphingomonas, 

and Ancylobacter belonging to phylum Proteobacteria (2.42%-8.08%) in the live treatment, 

were much higher than those in the live control (0.17%-2.12%) after the 90-day incubation 

(Figure 3-3b). Species in genera Variovorax, Ralstonia, Sphingomonas, and Ancylobacter 

have been previously found to be responsible for degradation of organic chlorinated 

compounds,204-207 indicating they may also be involved in 8:2 FTOH biotransformation. 
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Figure 3-3 Relative abundance of microbial community at the (a) phylum level and (b) 

genus level in the Robins biotransformation experiment. 

 

3.3.4.3 Microbial community composition shifts in the Loring biotransformation 

experiment 

Twenty-seven classified phyla in the domain Bacteria and three in domain Archaea 

were identified across all treatments over the 90-day Loring biotransformation experiment, 
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though not all phyla were present in all groups. The top fifteen abundant taxa at phylum 

level are depicted in Figure 3-4a. In the original Loring AFB soil (day 0), the dominant 

bacterial phyla included Proteobacteria (35.01%), Bacteroidota (17.04%), Acidobacteriota 

(14.71%), Chloroflexi (11.66%), and Gemmatimonadota (3.79%). Generally, minor effects 

of low doses of 8:2 FTOH on microbial community composition in Loring AFB soil were 

observed after 90 days when compared with the live control. For example, the relative 

abundance of Proteobacteria and Bacteroidota, were 46.71% and 14.39%, respectively, in 

the low-dose treatment, which was comparable with the proportions of these phyla in the 

live control after incubation (44.94% and 14.22%). Conversely, in the high-dose group, the 

relative abundance of Proteobacteria was elevated to 56.07%. Proteobacteria, the most 

prominent phylum in the present study, was also identified by others as the most prominent 

phylum in surface soil with heavy PFAS pollution.39, 41 This increase in Proteobacteria 

abundance is also consistent with observations in river sediments dosed with 6:2 FTOH,208 

and in wetland slurry spiked with 6:2 FTS.30 Additionally, the proportions of Euryarchaeota, 

an archaeal phylum, as low as 0.19% in the original soil though, enriched in the presence 

of 8:2 FTOH. The relative abundance of Euryarchaeota increased to 0.74% in the low-dose 

treatment and 1.24% in the high-dose treatment. These observations suggest the potential 

tolerance of Proteobacteria and Euryarchaeota to specific PFAS, including 8:2 FTOH.  
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Figure 3-4 Relative abundance of microbial community at the (a) phylum level and (b) 

genus level in the Loring biotransformation experiment. 

 

To identify subtler shifts in the microbial community, analysis of microbial genera was 

performed. A sum of 246 genera was shared among day 90 samples of all three treatments. 

The predominant 19 genera are shown in Figure 3-4b. The abundance of Afipia and 

Sphingomonas, both affiliated with phylum Alphaproteobacteria were positively correlated 
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with the concentration of 8:2 FTOH. After the 90-day incubation, the relative abundance 

of Afipia increased from non-detectable levels to 10.58% in the live control. The relative 

abundance of Afipia was further enriched to 17.95% and 31.37% in the low-dose treatment 

and high-dose treatment, respectively. Afipia strains exist widely in freshwater, river 

sediments, Antarctic habitats, and soil.209, 210 Previous studies showed that isolated Afipia 

strains had the ability to degrade 1,4-dioxane and methanesulfonate.210, 211 Interestingly, 

some Afipia spp. are capable of degrading different haloacetic acids as Ŭ-halocarboxylic 

acid dehalogenase genes are present in their genomes.212 Similarly, the relative abundance 

of Sphingomonas was imperceptibly higher in the low-dose treatment (1.18%) at day 90 

compared to that in the live treatment (1.14%), while it was noticeably higher in the high-

dose treatment (1.81%). Sphingomonas spp. are also widespread in soil and aquatic 

systems,213, 214 and are known to be metabolically versatile in degrading organic pollutants, 

including polycyclic aromatic hydrocarbons and highly chlorinated pesticides using 

dehalogenases.204, 215 The relative abundance of Methanobacterium (Euryarchaeota) 

followed a similar trajectory with elevated 8:2 FTOH concentrations as Afipia and 

Sphingomonas and increased to 1.24% in the high-dosed treatment after incubation, 

although they accounted for less than 0.20% in the original soil. Members of 

Methanobacterium were also reported to have the ability to tolerate and degrade 

halogenated compounds.216, 217 The existence of Afipia, Sphingomonas, and 

Methanobacterium in AFFF-impacted soil and their increasing abundance after 8:2 FTOH 
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exposure, particularly under the high-dose condition, indicated that species in these genera 

could be potential 8:2 FTOH degraders and tolerant towards 8:2 FTOH and its 

biotransformation products. 

Despite the difference in microbial community composition, the occurrences of 8:2 

FTOH biotransformation of 8:2 FTOH in both soils in the present study and in other 

environmental matrices from prior studies25-27 suggest that microorganisms capable of 

transforming 8:2 FTOH are not rare in the environment. The similar major 8:2 FTOH 

transformation products detected in Loring AFB soil and Robins AFB soil incubations, 

indicate that these two soils may share key 8:2 FTOH degraders.  

3.4 Conclusions 

This study demonstrated that 8:2 FTOH can be transformed rapidly by indigenous 

microbial communities from two different AFFF-impacted surface soils under aerobic 

conditions. More than 90 mol% of 8:2 FTOH was removed, and similar major 

transformation products were detected during the 90-day incubation period irrespective of 

the amount of 8:2 FTOH spiked initially and the microbial communities present in the soil. 

Previously documented 8:2 FTOH biotransformation products, including polyfluorinated 

substances, like 8:2 FTCA, 8:2 FTUA, 7:2 sFTOH, and 7:3 acid, as well as perfluorinated 

compounds like PFOA were identified and quantified. Although rarely documented, 7:3 U 

amide and 3-OH-7:3 acid, which tentatively derived from 7:3 U acid with a non-fluorinated 

moiety changed, were identified in this study. Polyfluorinated compounds with shorter 
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carbon-chain length (< 10), for example, 6:3 acid, which were produced via a single carbon 

removal pathway were also identified by non-targeted analysis. Importantly, 

perfluoroalkane-like compounds, including 1H-perfluoroheptane, 1H-perfluorohexande, 

and perfluoroheptanal were identified as novel transformation products that have not been 

previously reported. Of the newly identified transformation products, only 1H-

perfluoroheptane and perfluoroheptanal, were detected in all live bottles in both Robins 

and Loring biotransformation experiments. This result may be due to different 

transformation extent or rates that resulted from the different microbial populations, and 

the lower yields of some compounds produced from the lower concentration of spiked 8:2 

FTOH. 

This work documented that the microbial community composition shifted over the 90-

day incubation period after exposure to two dosages of 8:2 FTOH (one-time addition of 

170 ɛg/L and repeated additions of 1,700 ɛg/L). Exposure to the higher concentration of 

8:2 FTOH facilitated not only the detection of novel transformation products, but also the 

identification of microbes that may be more tolerant of 8:2 FTOH and its biotransformation 

products by imposing selective pressure. Results suggest that microorganisms in phylum 

proteobacteria, such as genera Afipia and Sphingomonas may be more tolerant of high 8:2 

FTOH concentrations. Microorganisms in these two and other genera including Variovorax, 

Ralstonia, Sphingomonas, Ancylobacter, and Methanobacterium may be involved as 

potential degraders. We recognize that phylogenetic identification of taxa using 16S rRNA 
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gene sequencing does not necessarily reflect microbial biotransformation activity. Future 

studies are needed to assess the viability and function of these potential degraders using 

additional analyses, e.g., metatranscriptomics and quantitative PCR. Our findings provide 

insights on 8:2 FTOH biotransformation potential and a starting point for screening 

microbes engaged in fluorotelomer degradation in the future. 

Overall, this study detailed microbial transformation pathways and microbial 

mechanisms that contribute to fluorotelomer transformations in AFFF-impacted soils. This 

information may also serve as a reference for predicting the fate of fluorotelomers in the 

environment that can be used in the development of improved future conceptual site models. 

Additionally, results from this study provide insights into microbial community changes in 

response to fluorotelomer contamination that could help in isolating microorganism(s) that 

can transform fluorotelomers and other PFAS. 
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4 Transformation of Electrochemical Fluorination-based Per- and Polyfluoroalkyl 

Substances in Aqueous Film-Forming Foam-Impacted Soil 

 

 

This chapter presents work that is currently in preparation for submission to Environmental 

Science & Technology. The Supplementary Material that will be included with the 

submission is provided as Appendix B. 

 

 

Abstract 

The environmental fate of per- and polyfluoroalkyl substances (PFAS) in aqueous film-

forming foams (AFFFs), especially the PFAS synthesized using electrochemical 

fluorination (ECF) process, is not well understood. This study investigates the 

transformation potential of a range of ECF-based precursors in a previously used AFFF 

formulation in aerobic soil microcosms. The precursors and their transformation products 

were analyzed using liquid chromatography coupled with high-resolution mass 

spectrometry (LC-HRMS) and mass spectrometry (LC-MS) over a 308-day incubation 

period. The results showed that the potential and rate of abiotic/biotic transformation of the 

ECF-based precursors varied depending on factors such as perfluoroalkyl chain length, 

sulfonamide/carboxamide group, and structure on the nitrogen atoms. Comprehensive 

transformation pathways involving 15 classes of sulfonamide- and carboxamide-based 

PFAS identified in this study were presented. This study confirms that some AFFF-derived 

ECF-based precursors can be a source of perfluoroalkane sulfonamide (FASAs) and 

perfluoroalkyl acids (PFAAs), which are typically measured at AFFF-impacted sites, while 
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also suggesting the presence and accumulation of other precursors and transformation 

intermediates that are not usually detected. These findings provide valuable insights into 

the transformation pathways and persistence of ECF-based PFAS in aerobic soils. 
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4.1 Introduction 

Aqueous film-forming foams (AFFFs) have been used as an effective agent to 

extinguish hydrocarbon and solvent-based fires at military, industrial, and municipal 

sites.218, 219 Although AFFFs are typically proprietary formulations, most consist of 

solvents, hydrocarbon surfactants, as well as per- and polyfluoroalkyl substances (PFAS).14 

In addition to the commonly studied perfluoroalkyl acids (PFAAs), an increasing number 

of polyfluoroalkyl substances were identified in various AFFFs.15, 32, 37, 38 Upon the release 

of AFFF to the environment, most polyfluoroalkyl substances (i.e., ñprecursorsò), if not all, 

can potentially transform to the more persistent PFAAs via abiotic or biotic processes.140, 

141, 154, 155 Thus, wide variations between the PFAS compositions identified in AFFFs and 

those detected at AFFF-impacted sites were reported.37, 38 To implement better 

management and remediation of numerous AFFF-impacted sites, it is crucial to understand 

the environmental behavior and fate of those precursors in AFFFs, further elucidating their 

compositional change upon the entrance into the environment.  

PFAS can be synthesized by electrochemical fluorination (ECF) or 

fluorotelomerization (FT) chemistry. In the AFFF formulations manufactured by 3M, ECF-

based PFAS represent significant components; while FT-based PFAS dominate in other 

manufacturersô AFFFs (e.g., Ansul, Chemguard, Angus, National Foam, etc.).32, 151 In 

general, the biotransformation potential of AFFF-derived FT-based precursors have been 

well studied; 6:2 fluorotelomer sulfonate (6:2 FTS),29, 31 fluorotelomer thioether amido 
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sulfonates (FTAoS),139-141 6:2 fluorotelomer sulfonamide alkylamine (6:2 FTAA),137 and 

6:2 fluorotelomer sulfonamido betaine (6:2 FTAB)137, 138 were demonstrated to be 

biotransformed into perfluoroalkyl carboxylates (PFCAs) by mixed bacterial culture 

stemmed from activated sludge,29, 137-139 sediment,31 and soil.140, 141 Comparatively, 

researchers only began paying attention on the biotransformation of AFFF-derived ECF-

based precursors recently. By using advanced mass spectrometry techniques, the 

identification of these chemicals was just achieved in the last decade.15, 32, 37, 151 However, 

a large number of AFFF-derived ECF-based precursors possessing different functionalities 

(e.g., sulfonyl, tertiary amine, quaternary ammonium, etc.),15, 151 as well as the complexity 

of analysis on these precursors and potential transformation intermediates,220 hampered the 

research. To date, limited data is available on the microbial transformation potential of 

quaternary ammonium polyfluoroalkyl surfactants (TAmPr-FASA and TAmPr-FAAd),154 

polyfluoroalkyl amine oxides (OAmPr-FASA and OAmPr-FAAd),155 polyfluoroalkyl 

amine betaines (CMeAmPr-FASA and CMeAmPr-FAAd),52 and polyfluoroalkyl tertiary 

amines (AmPr-FASA and AmPr-FAAd).52  

There are still many other classes of AFFF-derived ECF-based precursors that were not 

yet investigated for their susceptibility to biotransformation. Even for the aforementioned 

classes, only one of the perfluoroalkyl carbon chain lengths (C7 for carboxamides and C8 

for sulfonamides) in each class was investigated, whereas other analogues with varied 

perfluoroalkyl carbon chain lengths (C3 to C8) were also identified in AFFFs.
15, 151 With the 
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different lengths of perfluoroalkyl carbon chain, the precursors may share the similar 

biotransformation pathways, yet likely show chain-length dependent transformation 

kinetics due to the differences in physical-chemical properties and enzyme specificity.123 

Moreover, the transformation kinetic and pathway of the precursor was investigated solely 

in previous studies (i.e., the target precursor was spiked into the experimental system). It 

has been shown the nonfluorinated surfactants contained in AFFFs could impact the 

sorption behaviors of fluorinated AFFF components,221 thus may impact their 

bioavailability to native microbial communities and further the biotransformation potential. 

In addition, the transformation kinetics of AFFF-derived precursors observed in previous 

studies (i.e., sole investigation) may differ from that would occur in the AFFF-impacted 

sites due to the competitive or synergistic transformation of other AFFF components.  

To fill such knowledge gaps, in the present study, a historically used 3M AFFF 

formulation was spiked into the soil microcosms to evaluate the transformation potential 

of the ECF-based precursors, and the associated transformation pathways and products. A 

soil collected from a former U.S. military base (an AFFF-impacted site) was used for 

microcosm preparation to create biogeochemical conditions closely representative of 

AFFF-impacted sites. During 308-day incubation, the compositional change of AFFF-

derived PFAS in the microcosms was investigated. In addition to the legacy PFAS (e.g., 

PFCAs and PFSAs), a large number of novel anionic, zwitterionic, and cationic PFAS 

classes were recently identified in AFFF formulations.15, 32, 37, 38 The chemical standards 



79 

 

for most of those newly identified PFAS are not commercially available. To characterize 

the fate and transformation of a broad spectrum of AFFF-derived PFAS, in the present 

study, liquid chromatography coupled with high resolution mass spectrometry (LC-HRMS) 

was employed to identify and semi-quantify possible AFFF-derived PFAS. In addition, 

liquid chromatography coupled with mass spectrometry (LC-MS) was used to quantify the 

PFAS with commercially available standards. 

4.2 Materials and methods 

4.2.1 Chemicals and materials 

All PFAS analytical standards were purchased from Wellington Laboratories (Guelph, 

Ontario, Canada) and listed in the Appendix-Table B-1. The AFFF formulation used in 

this study is a 1999-era 3M Light WaterTM AFFF concentrate (FC-203CF), which was 

kindly provided by Dr. Paul Hatzinger at APTIM.  

The soil used in this study (referred to hereafter as Loring soil) was collected from a 

location proximate to a Crash Fire Station at Loring Air Force Base (Aroostook County, 

ME), where has been contaminated by historical AFFF application. Prior to use in the 

microcosm experiment, the soil was homogenized, ground, and sieved (ASTM E11 # 10 

size) and stored at 4 . 

4.2.2 Microcosm setup and sampling procedure 

Microcosm was prepared in a 60-mL Wheaton serum bottle containing 30 mL of 

mineral growth medium and 3 g (dry weight) of Loring soil. The medium was prepared 
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according to the recipe reported by Lºffler et al.188 excluding resazurin, L-cysteine, and 

sodium sulfide. Three treatments were set up: (1) live treatment, in which 30 ɛL of AFFF 

concentrate (0.1% v/v) was spiked; (2) abiotic control, in which 30 ɛL of AFFF concentrate 

was spiked along with additional 1 g/L sodium azide to inhibit microbial activity; and (3) 

live control, in which only 1.2 mM diethylene glycol butyl ether (DGBE) was spiked (same 

amount as the DGBE added in live treatment and abiotic control by spiking AFFF that 

contains 20% (v/v) DGBE). DGBE is an organic solvent in the AFFF formulation and can 

serve as electron donor and carbon source for microbial growth.132, 140 Each bottle was 

sealed by a rubber septum and an aluminum cap. To maintain the aerobic conditions in the 

microcosm, a syringe needle was pierced through the septa and connected with a 0.22 ɛm 

sterile polyethersulfone (PES) syringe filter (VWR, Radnor, PA). All microcosms were 

incubated at room temperature on a horizontal shaker (Innova 2350, New Brunswick 

Scientific) at 150 rpm for a period of 308 days. 

At each sampling point (0, 28, 56, 98, 154, 224, and 308 day), three bottles from live 

treatment, two bottles from abiotic and live controls were destructively sampled following 

an established procedure.133 Briefly, 0.5 mL of supernatant from each bottle was first 

collected and mixed with 9.5 mL methanol for the analysis of PFAS in the microcosm 

aqueous phase. One milliliter of well-mixed slurry was then collected for dissolved organic 

carbon (DOC) measurement (TOC-L CPH, Shimadzu) which is a proxy of DGBE 

consumption. The remaining microcosm solid phase was collected by centrifuging the 
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remaining slurry (4,000 rpm, 20 min) and discarding the supernatant. The collected solid 

was subject to 30-min vortex in 30 mL methanol followed by 30 min 60 ÁC-sonication in 

water bath. Afterwards, the methanol extract of soil was obtained by centrifugation (4,000 

rpm, 20 min) and diluted with methanol for the analysis of PFAS in the microcosm solid 

phase. Both aqueous phase and soil extract samples were filtered through 0.45 Õm 

WhatmanÊ GMF syringe filter (Cytiva, Marlborough, MA) and stored at -20 ÁC before 

LC-HRMS and LC-MS analysis. 

4.2.3 Non-targeted LC-HRMS analysis 

Nontargeted LC-HRMS analysis was conducted on a Thermo QExactive HF-X 

Orbitrap MS equipped with a Vanquish ultra-high-performance liquid chromatograph 

(UHPLC-Orbitrap). The MS with electrospray ionization was operated in both positive 

(ESI+) and negative (ESI-) ionization modes. Detailed procedures for LC-HRMS are 

described in Appendix-Section B1. The LC-HRMS data was analyzed in Thermo 

Compound Discoverer (CD) 3.2 software following the processing workflow as described 

previously.133 Spectral libraries and mass lists were used to identify AFFF-derived PFAS 

compounds and associated transformation products. The libraries included Thermo 

mzCloud, ChemSpider, and an in-house MS2 mass spectral library containing 40 PFAS 

compounds. The mass lists included 88 hypothesized AFFF-derived PFAS compounds and 

associated transformation products based on previous studies, and 8,142 fluorinated 

compounds from the EPAôs ToxCast/CompTox database.202 Two final lists containing a 
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total of 4,492 and 9,521 features were obtained from ESI+ and ESI- modes, respectively.  

To select the features of interest, the two lists were first screened based on the following 

criteria: (a) the peak area was > 500,000 in positive ionization mode (ESI+) or > 100,000 

in negative ionization mode (ESI-) for at least one sampling point; (b) the Kendrick Mass 

Defect for CF2, C2F4, and CF3 were all above 0.8; (c) an accurate mass error < 5 ppm. The 

remaining features were screened and classified as follows: if peak areas of one feature at 

day 0 in the live treatments and abiotic controls were significantly larger (p < 0.05) than 

those in the live controls, the compound was selected and regarded as an AFFF component; 

if peak areas of one feature at day 0 in the live treatments and abiotic controls were below 

the threshold (i.e., 500,000 in ESI+ and 100,000 in ESI- mode), but increased significantly 

afterwards and above the threshold, the compound was selected and regarded as a 

transformation product of AFFF components. Confidence levels were assigned to each 

selected compound based on established criteria.222 In addition, the selected compounds 

with difference of CF2 units were regarded as homologues within one PFAS class.  

4.2.4 Semi-quantification of PFAS identified by LC-HRMS 

All PFAS compounds identified by LC-HRMS (see Section 4.2.3) were semi-

quantified based on the associated peak areas of extracted ion chromatograms, given the 

unavailability of chemical standards for most of identified PFAS. Moreover, to facilitate 

the comparison of the transformation or formation extent of one PFAS during the 308-day 

microcosm experiments, log2-fold changes (LFCs) in the associated peak areas between 
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certain sampling points were calculated. A negative LFC represents the total mass of one 

PFAS during the period was decreased (i.e., transformation occurred), and the less the LFC 

was, the greater transformation occurred; vice versa. For the PFAS compounds with 

monotonous increase or decrease in peak areas over the 308-day incubation, LFCs were 

determined by peak areas of day 308 over that of day 0. However, for some PFAS 

compounds (i.e., intermediate transformation products) with a mix of increasing and 

decreasing trends in peak areas over the incubation, LFCs were calculated to be the 

maximum peak area divided by the subsequent minimum peak area. Considering the 

comparison consistency and overall data availability, the data from ESI+ mode were used 

to calculate the LFCs of identified AFFF components, while the ESI- mode data were used 

to calculate the LFCs of identified transformation products unless otherwise specified.  

4.2.5 Targeted PFAS analysis 

Thirteen PFAS analytes with available analytical standards (as listed in Appendix-

Table B-1) in microcosm aqueous sample and soil extracts, as well as in the AFFF 

formulation were analyzed by LC-MS. The measured concentrations of these targeted 

PFAS in the AFFF formulation are provided in Appendix-Table B-2. The method for 

quantification of these targeted PFAS is shown in Appendix-Section B2. The instrument 

limits of detection (LODs) and limits of quantification (LOQs) are listed in Appendix-

Table B-3.  
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4.3 Results and discussion 

4.3.1 PFAS identified by LC-HRMS in AFFF-amended microcosms 

A total of 16 classes of PFAS were identified and semi-quantified throughout the 308-

day microcosm experiment, using the non-targeted LC-HRMS analysis. The full name and 

corresponding acronym of each PFAS class is provided in Appendix-Table B-4. The 

acronym was adopted from recent publications,223, 224 and an explanation of the naming 

conventions was provided by Choi et al..225 Further, detailed information on the PFAS 

identification in LC-HRMS analysis (e.g., mass error, retention time, confidence level222) 

is provided in Appendix-Table B-5. 

Figure 4-1 illustrates the chemical structures of the 16 PFAS classes, all identified 

homologues within each class, and the general trend of peak area which represents the mass 

change of each PFAS over the microcosm incubation. Among the 16 PFAS classes, 10 of 

them were categorized as AFFF components, and 8 other classes were categorized as 

transformation products (Figure 4-1). Two classes, PFCAs and PFSAs, were categorized 

as both AFFF components and transformation products (Figure 4-1). The homologues in 

each class were semi-quantified by nontargeted LC-HRMS analysis and the complete 

profiles of peak area during the 308-day incubation were plotted in Appendix-Figures B-

1 to B-15. The LFCs in the peak area were also calculated and shown in Figure 4-2 and 

Appendix-Table B-6.  

Thirteen individual PFAS whose analytical standards are commercially available, 
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including AmPr-FHxSA, FHxSA, FOSA, and some PFCAs and PFSAs, were also 

quantified by targeted LC-MS analysis. The changes in total mass of these compounds over 

308-day period are shown in Appendix-Figures B-16&B-17, which are accorded with the 

semi-quantification results by non-targeted LC-HRMS analysis (i.e., trends of peak area, 

see Appendix-Figures B-2, B-8, B-9 and B-10), confirming that the semi-quantification 

in the present study could well represent the temporal changes of identified PFAS classes. 
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Figure 4-1 Sixteen classes of PFAS identified by LC-HRMS in AFFF-amended 

microcosms, including 10 classes categorized as AFFF components (shaded in yellow), 

8classes categorized as transformation products (shaded in blue), and 2 classes as both 

AFFF components and transformation products (shaded in green). The chemical 

structures of the PFAS classes, and general trends of peak area in live treatment and 

abiotic control over the 308-day incubation of each homologue within each class were 

also illustrated. 
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4.3.1.1 PFAS identified as AFFF components and associated transformation potential 

TAmPr-FASA. This PFAS class is characteristics of perfluoroalkyl sulfonamide base 

structure with propyl trimethylammonium (Figure 4-1). Homologues with C4-C6 

perfluoroalkyl chain were detected in ESI+ in this study. Recent studies also reported the 

occurrence of this class in both historical AFFFs15 and AFFF-impacted soils.223, 224 In the 

present study, peak areas of C4-C6 homologues within TAmPr-FASA class gradually 

decreased by >99.5%, 60.1%, and 31.0% in average in live treatments during the 308-day 

incubation (Appendix-Figure B-1). In contrast, peak areas of these homologues stayed 

relatively constant in abiotic controls. These results suggest that TAmPr-FASA could be 

biotransformed by the native microbes in Loring soil but were stable under abiotic 

condition. The observed susceptibility of TAmPr-FASA to biotransformation corroborate 

the previous study that reported the soil biotransformation of C8 homologue of TAmPr-

FASA.154 

AmPr-FASA. This class (C4-C8 homologues identified in both ESI+ and ESI- modes) 

shares the same base structure with TAmPr-FASA with one methyl group in 

trimethylammonium replaced by hydrogen (Figure 4-1). Multiple homologues in AmPr-

FASA class were previously identified in several AFFF formulations,151 while they were 

only sporadically detected in AFFF-impacted soils and groundwater.37, 223, 224 The 

infrequent detection of AmPr-FASA in AFFF-impacted sites was likely attributed to the 

associated transformation potential.38 In this study, biotic transformation of C4-C8 AmPr-
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FASA homologues were observed; in the live treatment, the peak areas of C4-C8 

homologues decreased by 47.4-93.6% after 308 days (Appendix-Figure B-2). Possible 

abiotic transformation of was also observed, but only for the long-chain C6-C8 homologues 

and with a slower rate (10.6-53.7% decrease in peak areas) in abiotic controls (Appendix-

Figure B-2). 

CEt-AmPr-FASA-PrA. This class (C4 homologue identified in ESI+ mode) comprises 

the base structure of TAmPr-FASA and two additional propionate groups on the tertiary 

sulfonamide nitrogen and the quaternary ammonium terminal (Figure 4-1). Homologues 

in this class were previously detected in various AFFF formulations,18, 32, 151 whereas the 

environmental stability of this class has not yet been investigated. In the present study, no 

obvious decrease in peak areas of CEt-AmPr-FASA-PrA (C4 homologue) was observed 

during 308-day incubation (Appendix-Figure B-3), suggesting it was stable under abiotic 

and biotic conditions on the timescale of this study. 

AmPr-FASA-PrA or TAmPr-FASA-AA. AmPr-FASA-PrA features a propionate 

group linked to the sulfonamide nitrogen in AmPr-FASA, while TAmPr-FASA-AA 

contains an acetate branch on the sulfonamide nitrogen in TAmPr-FASA (Figure 4-1). LC-

HRMS analysis suggested possible presence of either or both isomeric classes with C4-C8 

homologues in this study, and available evidence obtained cannot readily distinguish 

between them. Previous studies reported the occurrence of AmPr-FASA-PrA homologues 

in AFFF formulations,32, 37, 151 and AFFF-impacted sites.37, 223, 224 TAmPr-FASA-AA class 
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has not yet been reported in the AFFF formulation or environmental samples. Furthermore, 

the environmental stability of either class has not been studied. In this study, the peak areas 

of C4-C8 homologues within AmPr-FASA-PrA or TAmPr-FASA-AA class decreased by 

43.3-84.6% in the live treatments after 308-day incubation (Appendix-Figure B-4). In 

contrast, such decreases were not observed in the abiotic controls (Appendix-Figure B-4). 

These results suggested that either (or both) PFAS class was readily susceptible to biotic 

transformation but was abiotically stable under present conditions.  

n:2 FTAB. The identification of this FT-based PFAS class (Figure 4-1) was 

unexpected, given the 3M AFFF formulation used in this study should contain only ECF-

based precursors based on previous studies.15, 32, 37, 151 The occurrence of n:2 FTAB in the 

present AFFF formulation was likely due to the cross-contamination during the historical 

storage. Although the biotransformation of 6:2 FTAB was previously reported with 

variations in the rate,135, 137, 138 in this study, no decrease in the peak areas of 6:2 FTAB was 

observed in the live treatments or abiotic controls (Appendix-Figure B-5). The results 

indicated the high stability of 6:2 FTAB in the present soil microcosms.  

AmPr-FAAd. This PFAS class (C6-C7 homologues identified in ESI+ mode) is a group 

of analogues to AmPr-FASA with the sulfonamide group replaced by a carboxamide group 

(Figure 4-1). Previously, AmPr-FAAd class was detected in some AFFF formulations and 

a commercial surfactant.151 In the present study, a rapid abiotic transformation of AmPr-

FAAd was observed in the microcosms, with the peak areas of C6 and C7 homologues 
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decreasing by 81.9-82.3% in the abiotic control after 308-day incubation (Appendix-

Figure B-6). The biotransformation of AmPr-FAAd was also found, as greater decreases 

(90.2-91.3%) in the peak areas of C6 and C7 homologues were observed in the live 

treatment (Appendix-Figure B-6).  These findings are consistent with results in previous 

studies that the C8 homologue of AmPr-FAAd could be transformed through abiotic and 

biotic processes.52, 154, 155 Taken together, the AmPr-FAAd class was likely not persistent 

in the environment, and readily transformed after the release.  

CEt-AmPr-FAAd. This class (C7 homologue identified in ESI+ mode) has the same 

base structure of AmPr-FAAd and an additional carboxylethyl branch on the tertiary amine 

to make it a quaternary ammonium (Figure 4-1). Neither the occurrence in AFFF 

formulations nor the biotransformation potential of CEt-AmPr-FAAd has been reported 

previously. In this study, gradual decreases (45.2 ° 7.6 %) in the peak areas of CEt-AmPr-

FAAd were observed in both live treatment and abiotic control during the 308-day 

incubation (Appendix-Figure B-7). Also, the peak areas decreased similarly in live 

treatment and abiotic control, suggesting that CEt-AmPr-FAAd could be transformed 

abiotically in the microcosms, while the associated biotransformation might be minimal.  

PFCA and PFSA. These two commonly investigated PFAS classes were also identified 

in the present AFFF formulation, with C4-C7 and C9 homologues within PFCAs and C2-

C10 homologues within PFSAs detected in ESI- mode (Figure 4-1). The detection of 

PFCAs and PFSAs were in agreement with previous studies that reported PFCAs (e.g., 0-
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170 mg/L for C4-C9 PFCAs) and PFSAs (e.g., 6,700-15,000 mg/L for PFOS) as minor and 

major PFAS components of ECF-based AFFF formulations, respectively.37 The 

environmental persistence of PFCAs and PFSAs has been widely acknowledged.38, 226 Due 

to their high persistence, PFCAs and PFSAs were widely detected in AFFF-impacted soils 

and groundwater.32, 37 In this study, no decrease in the peak areas of any homologue within 

PFCAs and PFSAs was observed (Appendix-Figures B-8&B -9), indicating their high 

stability in the microcosms. In addition, the increases in the peak areas of certain 

homologues (e.g., PFHxS) were observed (Appendix-Figure B-8), likely due to the 

formations during the transformation of aforementioned precursors (discussed in Section 

4.3.1.2).  

4.3.1.2 PFAS identified as transformation products and associated potential of further 

transformation 

FASA. FASA class (C3-C6 and C8 homologues detected in ESI- mode) was identified 

as biotransformation products in the microcosms (Figure 4-1). As shown in Appendix-

Figure B-10, the peak areas of FASAs increased by a factor of 5.8-410.8 in live treatments 

over 308 days. The abiotic formation of FASAs was also observed, with the peak areas of 

C4-C6 and C8 homologues increasing in the abiotic control, but by a smaller factor of 1.4-

5.0 (Appendix-Figure B-10). These results indicated that FASA homologues were 

substantially formed during the transformation of precursors in the AFFF formulation 

spiked in the microcosms, especially through the biotic process. The findings could explain 
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why FASAs have been widely detected in AFFF-impacted soil and groundwater samples, 

though FASAs were not ingredients of AFFF formulations.15, 38, 223 Previous studies also 

reported the biotransformation potential of FASAs to PFSAs (C8 homologue, FOSA to 

PFOS), with a wide range in the biotransformation rate (half-lives of 9.2-712 days).33, 34, 36, 

162 In the present study, a further biotransformation of FASAs likely also occurred, as 

suggested by a slower increase in the peak areas of FASAs after between day 98 and day 

154 (Appendix-Figure B-10). Regardless, the overall formation rate was much higher than 

the transformation rate of FASAs, resulting in a substantial accumulation over the 

incubation period.  

M-AmPr-FASA. This class (C6 homologue identified in ESI+ and ESI- modes) shares 

the same base structure of AmPr-FASA with one methyl terminus substituted by a hydrogen 

atom (Figure 4-1). The peak areas of C6 M-AmPr-FASA increased substantially in the first 

98 days incubation (by a factor of 82.1 and 34.5 in ESI+ and ESI- modes, respectively), 

and decreased afterwards in the live treatments (Appendix-Figure B-11). In the abiotic 

controls, the peak areas kept increasing over 308 days (by a factor of 10.3-18.2), indicating 

that the formation of M-AmPr-FASA was much slower by abiotic process than biotic 

process. The formation of M-AmPr-FASA was likely from the transformation of TAmPr-

FASA and AmPr-FASA, the two PFAS classes that were previously reported to be potential 

precursors to M-AmPr-FASA,52, 154, 155 and were also detected in the present study (see 

Section 4.3.1.1). Further biotransformation of M-AmPr-FASA was also reported 
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previously,52, 154, 155 which was consistent with the decreasing trends observed in the live 

treatments after day 98 in this study (Appendix-Figure B-11). In addition, only C6 

homologue of M-AmPr-FASA was detected in the present microcosms despite the 

detections of C4-C6 TAmPr-FASA and C4-C8 AmPr-FASA (see Section 4.3.1.1). The 

absence of other homologues in M-AmPr-FASA was likely due to the rapid conversion to 

downstream products.52, 154, 155  

OAmPr-FASA. This class (C4 and C6-C8 homologues identified in ESI+ and ESI- 

modes) shares the same base structure of TAmPr-FASA where trimethylammonium was 

replaced by a dimethylamine oxide (Figure 4-1). Previously, C6-C9 homologues of 

OAmPr-FASA were detected in AFFF formulations,151 and C4-C6 homologues were 

detected in AFFF-impacted groundwater and soil samples.15, 223 In the present study, 

OAmPr-FASA was determined as intermediate transformation products rather than AFFF 

components (Appendix-Figure B-12). The peak areas of C4 and C6 homologues in the live 

treatments continuously increased from day 0 to day 98 (by a factor of 7.1-34.0), then 

sharply decreased until day 154 (Appendix-Figure B-12); afterwards, the peak areas 

increased again from day 154 until day 224 (by a factor of 9.8-13.5), followed by a second 

decrease (Appendix-Figure B-12). Similar trends of peak area were observed for C7 and 

C8 homologues in the live treatments, but with 1 to 2 order of magnitude lower peak area 

counts (Appendix-Figure B-12). In addition, a substantial accumulation of C4 and C6-C8 

homologues was observed in the abiotic controls (by a factor of 5.5-60.6), and a further 
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decrease of C8 homologue was observed after day 154 (Appendix-Figure B-12). These 

results indicated that OAmPr-FASA was readily formed from AFFF components (see 

Section 4.3.1.1) through biotic and abiotic transformation. Moreover, the further biotic 

transformation of OAmPr-FASA was more rapid than abiotic transformation under the 

present conditions. 

N-MeFASAA and N-EtFASAA. These two classes (C6 homologues identified in ESI- 

mode) share a perfluoroalkane sulfonamido acetate chain. N-MeFASAA has a methyl 

group on the sulfonamide nitrogen, while N-EtFASAA has an ethyl group (Figure 4-1). 

Although the two classes were not previously found in AFFF formulations, their 

occurrence was reported in AFFF-impacted soil and groundwater samples,15, 223 suggesting 

that those PFAS might be formed in situ during the transformation of AFFF components. 

In the present study, the peak areas of C6 N-MeFASAA increased greatly by a factor of 

15.3 in the first 98 days, then decreased by half at the end of the incubation in the live 

treatments (Appendix-Figure B-13), suggesting its initial formation from AFFF 

components followed by the further biotransformation. In the abiotic controls, the peak 

area of C6 N-MeFASAA gradually increased by a factor of 2.6 during the incubation 

(Appendix-Figure B-13), indicating that C6 N-MeFASAA can also be formed by abiotic 

processes with a slower rate. For C6 N-EtFASAA, a rapid and substantial increase in the 

peak areas (171.8 times increase) was observed in the live treatments, while no 

distinguishable change was found in the abiotic controls over 308-day incubation 
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(Appendix-Figure B-14). This indicated that the formation of N-EtFASAA was primarily 

from biotransformation of its precursor(s). 

OAmPr-FAAd. This class (C5-C7 homologues identified in ESI+ mode) is structural 

analogue to OAmPr-FASA, but the sulfonamide functional group was substituted by a 

carboxamide group (Figure 4-1). In the live treatment, the peak areas of C5-C7 homologues 

increased by a factor of 13.0-29.5 at day 98 compared to day 0, and decreased to nearly 0 

at day 154, then increased again (Appendix-Figure B-15). In contrast, continuous increase 

in OAmPr-FAAd was observed in the abiotic controls; at the end of incubation, the peak 

area increased by a factor of 28.8-48.2 (Appendix-Figure B-15). These results indicated 

that OAmPr-FAAd was readily formed under both biotic and abiotic conditions, and the 

further transformation of OAmPr-FAAd was also rapid under biotic conditions but 

slow/infeasible under abiotic conditions. The rapid biotransformation of OAmPr-FAAd 

observed here is quite consistent with the prior study that reported 50% of C8 homologue 

of OAmPr-FAAd was biotransformed within 3-7 days in soil microcosms.155 Also, the 

findings resonated with the rare detection of OAmPr-FAAd in AFFF-impacted 

environment. 

PFCA and PFSA. Under biotic conditions, increases in PFSAs (C3-C6 homologues, by 

a factor of 1.6-2.7) and PFCAs (C4-C6 homologues, by a factor of 1.5-1.6) were observed 

in this study (Appendix-Figures B-8&B-9), due to the biotransformation of certain AFFF 

components and intermediate products (discussed in Sections 4.3.1.1 and 4.3.1.2). Under 
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abiotic conditions, only C4 C6-7 PFSAs were found to be formed, and with a slower rate 

(peak areas increased by a factor of 1.2-1.5) (Appendix-Figure B-8), indicating the 

possibly higher abundance of C4 and C6-7 homologues PFSA-precursors and associated 

abiotic transformation potential. The formations of PFCAs and PFSAs are in agreement 

with previous studies in which the two PFAS classes were widely documented as stable 

transformation products from FT- and ECF-based precursors.52, 154, 155  

4.3.2 Structurally relevant factors impacting the stability of identified AFFF-derived 

PFAS 

As discussed in Section 4.3.1, the environmental stability (i.e., transformation rate) of 

AFFF-derived PFAS identified in the present study varied widely, which resulted from the 

PFAS structural differences. To facilitate the evaluation of the influences of structural 

differences on the environmental stability, LFCs in the peak areas of identified PFAS 

between certain sampling points during the 308-day microcosm experiments were 

calculated to approximately assess the PFAS transformation potential and rate (Appendix-

Table B-6). 

The chemical structure of PFAS identified in this study comprised of a perfluorinated 

moiety linked to a nonfluorinated moiety (Figure 4-1). Within one PFAS class, the carbon 

chain length of perfluorinated moiety was found to likely influence the stability of the 

homologues, especially under the biotic conditions (Figure 4-2). LFCs of homologues in 

TAmPr-FASA, AmPr-FASA, and AmPr-FASA-PrA/TAmPr-FASA-AA in the live 
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treatments increased with the elongation of perfluorinated carbon chain (Figure 4-2a), 

suggesting a longer perfluorinated carbon chain could render a higher microbial stability. 

Specifically, LFCs for C4, C5, and C6 homologues of TAmPr-FASA in the live treatment 

were -7.78 ° 0.56, -1.33 ° 0.09, and -0.54 ° 0.25, respectively (Figure 4-2a). LFCs for C5-

C8 homologues of AmPr-FASA increased from -3.98 ° 0.08 to -2.58 ° 0.65, and C5-C7 

homologues of AmPr-FASAA-PrA/TAmPr-FASA-AA increased from -2.53 ° 0.21 to -

2.04 ° 0.58 (Figure 4-2a). Unexpectedly, LFCs for C4 homologues of AmPr-FASA and 

AmPr-FASAA-PrA/TAmPr-FASA-AA were greater than those C5 homologues (Figure 

4-2a); the reason might be the potentially more rapid formation from their precursors, 

resulting in a less overall decrease extent than other homologues. In contrast to biotic 

conditions, the influence of perfluorinated carbon chain length on abiotic transformation 

rate of PFAS classes (e.g., AmPr-FASA) was not observed (Figure 4-2b). These results 

implied that the impact of perfluorinated carbon chain length on PFAS biotransformation 

is likely due to increased hydrophobicity with elongation of the perfluorinated carbon 

chain. Enhancing hydrophobicity could increase the affinity of PFAS to soil particles in 

the microcosms, thereby reducing the bioavailability to microorganisms. 

Among the identified ECF-based precursors, some classes (e.g., AmPr-FASA) harbor 

a sulfonamide group (-SO2-N(H)-) while some (e.g., AmPr-FAAd) contain a carboxamide 

group (-C(O)-N(H)-), both of which link the perfluorinated moiety with nonfluorinated 

moiety (Figure 4-1). These two functional groups were found to potentially impact the 
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PFAS stability under biotic and abiotic conditions. Compared to AmPr-FASA, much more 

rapid transformation of AmPr-FAAd was observed in abiotic controls (Appendix-Figures 

B-2&B-6), as indicated by lower LFCs for C6 and C7 AmPr-FAAd (-2.51 ° 0.27 and -2.47 

° 0.03) than the AmPr-FASA analogues (-0.52 ° 0.33 and -0.64 ° 0.08) (Figure 4-2a). The 

results indicated that carboxamide-based PFAS might be less stable than sulfonamide-

based analogues under abiotic conditions, which was likely due to the lower resistance of 

carboxamides to abiotic hydrolysis.227 The abiotic transformation of another carboxamide-

based PFAS class, CEt-AmPr-FAAd observed in this study also evidenced the abiotic 

lability of carboxamides (Appendix-Figure B-7). Under biotic conditions, rapid 

transformation of both AmPr-FASA and AmPr-FAAd were observed in live treatment 

(Appendix-Figures B-2&B-6), as indicated by close LFCs (ca. -3.5) for both PFAS classes 

(Figure 4-2a). Similar rapid transformation was also observed for OAmPr-FASA and 

OAmPr-FAAd after both classes were initially produced (e.g., from day 98 to 154 in live 

treatment), as shown in Appendix-Figures B-12&B-15. This observation contradicts 

previous findings that sulfonamide-based PFAS were more microbially stable than their 

carboxamide counterparts.52 The discrepancy might be explained by the hypothesis that the 

sulfonamide- and carboxamide-based PFAS classes compared in this study were both 

readily biotransformed, masking the potentially slight enhancement of microbial stability 

by the sulfonamide group. This hypothesis would be confirmed by more comparisons 

between sulfonamide- and carboxamide-based analogues with higher microbial stability, 
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e.g., between TAmPr-FASA (Appendix-Figure B-1) and TAmPr-FAAd (not detected in 

this study).  

Most of ECF-based precursors identified in the present study, for example, AmPr-

FASA and TAmPr-FASA, contain a second nitrogen atom (another amine group) in 

addition to the first nitrogen in the sulfonamide/carboxamide group (Figure 4-1). The 

structural differences on the second nitrogen atom influenced the PFAS transformation 

potential. With three methyl groups on the second nitrogen atom (quaternary ammonium), 

the PFAS microbial stability appeared to be higher than that with two methyl groups on the 

nitrogen atom (tertiary amine); for example, LFCs of C5 and C6 TAmPr-FASA homologues 

(-1.33 ° 0.09 and -0.54 ° 0.25) are greater than those of their AmPr-FASA counterparts (-

3.98 ° 0.08 and -3.52 ° 0.25) in the live treatment (Figure 4-2a). Similarly, the microbial 

stability of PFAS with one or no methyl group on the second nitrogen atom (secondary or 

primary amine) was hypothesized to be further lower. M-AmPr-FASA (with a secondary 

amine head group, as shown in Figure 4-1) was detected in this study as an intermediate, 

and a rapid transformation following initial formation was observed in the live treatment 

(Appendix-Figure B-11). In addition, an oxygen atom on the tertiary amine head group, 

e.g., OAmPr-FASA and OAmPr-FAAd (Figure 4-1), led to low microbial stability for the 

PFAS classes, as evidenced by their rapid biotransformation following the production 

(Appendix-Figures B-12&B-15). On the contrary, adding a carboxyalkyl group on the 

tertiary amine head group could potentially enhance the resistance of PFAS to both biotic 
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and abiotic transformation. With an addition of a carboxyethyl group on the second 

nitrogen atom, CEt-AmPr-FAAd exhibited higher stability than AmPr-FAAd in the live 

treatment and abiotic controls (Figure 4-2); LFCs of C7 homologue of CEt-AmPr-FAAd 

were -0.69 ° 0.48 and -1.08 ° 0.33 in the live treatment and abiotic controls, respectively, 

which were much greater than that for C7 AmPr-FAAd (-3.36 ° 0.13 and -2.47 ° 0.03, 

respectively). The above findings on the impact of structural differences in second amine 

group on PFAS stability are in accord with a previous study that showed PFAS containing 

quaternary ammonium or a carboxyalkyl group on tertiary amine groups was more stable 

than those with tertiary amine or an oxygen atom on tertiary amine groups.52  

Beyond the second nitrogen atom, it was found that adding a carboxyalkyl group on 

the first nitrogen atom (i.e., sulfonamide/carboxamide group) further enhanced the PFAS 

stability. For example, with a carboxyalkyl group on both nitrogen atoms, CEt-AmPr-

FASA-PrA (Figure 4-1) exhibited high persistence in the microcosms without abiotic or 

biotic transformation observed during 308-day incubation (Appendix-Figure B-3). 

Comparatively, if only one carboxyalkyl group is attached on either of nitrogen atom, e.g., 

AmPr-FASA-PrA/TAmPr-FASA-AA and CEt-AmPr-FAAd (Figure 4-1), the PFAS 

compounds were not persistent (Figure 4-2, Appendix-Figures B-4&B-7) and the 

transformation likely started at the nitrogen atom without the carboxyalkyl group. Previous 

studies documented the increased stability resulting from adding a carboxyalkyl group to 

the sulfonamide group. For example, N-ethyl perfluorooctane sulfonamide (EtFOSA) was 
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readily transformed in soil (half-life of 11.2-26.8 days), while N-ethyl perfluorooctane 

sulfonamido acetic acid (EtFOSAA) with an additional carboxymethyl group on the 

sulfonamide group was more resistant to biotransformation (half-life of 287-653 days).33, 

36 Also, after the ethyl branch on sulfonamide group of EtFOSA was oxidized to 

carboxymethyl, the compound (perfluorooctane sulfonamido acetic acid (FOSAA) became 

more microbially stable (half-life of 96.2-334 days).33, 36 Taken together, these findings 

suggested that adding a carboxyalkyl group to the nitrogen atom(s) in ECF-based 

precursors likely hinders N-decarboxylation and N-dealkylation (when a alkyl group is 

present on the same nitrogen), leading to the increased stability. 

 
Figure 4-2 Log2-fold changes (LFCs) in peak areas of different PFAS between day 308 

and day 0. (a) and (b) show LFCs for the AFFF components detected live treatment and 

abiotic control, respectively. Error bars represent one standard deviation among replicate 

microcosms. 
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4.3.3 Transformation pathways of identified AFFF-derived PFAS 

Based on the AFFF components and transformation products identified by LC-HRMS 

and their associated transformation potentials as discussed in Sections 4.3.1 and 4.3.2, 

transformation pathways of sulfonamide-based and carboxamide-based PFAS in aerobic 

soil involving 15 AFFF-derived PFAS classes (n:2 FTAB was not included) were 

proposed, as illustrated in Figure 4-3. 
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Figure 4-3 Proposed transformation pathways of (a) sulfonamide-based and (b) carboxamide-based PFAS identified by LC-HRMS in 

AFFF-amended soil microcosms. Compounds in yellow and blue boxes were identified in this study as AFFF components and 

transformation products, respectively. Compounds in green box were identified in this study as both AFFF components and 

transformation products. Compounds in parentheses were not detected in this study, but detected or predicted as intermediates in 

previous studies.52, 154, 155 Red and green arrows represent possible biotransformation and abiotic transformation steps, respectively. 

Dashed arrows indicate hypothetical multiple steps. 



104 

 

The abiotic and biotic transformation potentials of CEt-AmPr-FASA-PrA, TAmPr-

FASA-AA or AmPr-FASA-PrA were for the first time investigated in the present study. 

With a carboxyalkyl group on each nitrogen atom, CEt-AmPr-FASA-PrA showed high 

stability in the soil microcosms (Appendix-Figure B-3). Transformation of CEt-AmPr-

FASA-PrA in this study was less likely or occurred at an extremely slow rate (Figure 4-3a). 

As for TAmPr-FASA-AA/AmPr-FASA-PrA, they remained stable under abiotic 

conditions, while their biotransformation might proceed via two different pathways. One 

pathway involved decarboxylation and N-dealkylation of the carboxyalkyl branch on the 

first nitrogen atom, converting TAmPr-FASA-AA or AmPr-FASA-PrA to TAmPr-FASA 

or AmPr-FASA, respectively (Figure 4-3a). The other pathway involved multiple N-

dealkylation of the tertiary/secondary amine head groups on the second nitrogen atom and 

deamination reaction, converting TAmPr-FASA-AA or AmPr-FASA-PrA to N-

MeFASAA and N-EtFASAA (Figure 4-3a). The transformation of TAmPr-FASA-AA or 

AmPr-FASA-PrA may mainly proceed through the latter pathways to form N-MeFASAA 

and N-EtFASAA, given the absence of carboxyalkyl group on the second nitrogen atom 

but presence on the first nitrogen. 

As an AFFF component and a potentially minor product of TAmPr-FASA-AA, 

TAmPr-FASA was persistent under abiotic conditions, but was susceptible to microbial 

transformation (Appendix-Figure B-1). One of the methyl groups on the quaternary 

ammonium head group of TAmPr-FASA could be replaced by a hydrogen, leading to the 
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formation of a tertiary amine (i.e., AmPr-FASA) (Figure 4-3a). AmPr-FASA further lost 

the two methyl groups from the tertiary amines successively through N-dealkylation, 

forming products with secondary amines (M-AmPr-FASA) and primary amines (FASA-

PrAn), respectively (Figure 4-3a). Through deamination and oxidation, FASA-PrAn was 

then transformed to FASA-PrA, which was potentially converted to either FASAA via 

decarboxylation and oxidation, or to FASA via further decarboxylation and N-

dealkylation. These transformation pathways from TAmPr-FASA to FASA were also 

proposed in previous studies using the C8 homologue of each PFAS class.52, 154  

The substantial formation of OAmPr-FASA was observed in this study under both 

abiotic and biotic conditions (Appendix-Figure B-12), possibly from the oxidation of 

AmPr-FASA (Figure 4-3a), as proposed recently.164 In addition, substantial abiotic 

formation of C4 OAmPr-FASA was found (Appendix-Figure B-12) despite no obvious 

abiotic transformation of C4 homologue of AmPr-FASA (Appendix-Figure B-2), the 

presence of other unknown precursors of OAmPr-FASA in the AFFF formulation cannot 

be ruled out. The amine oxide in OAmPr-FASA can also be reduced back to tertiary amine 

as reported previously,155 resulting in the reversible reactions between OAmPr-FASA and 

AmPr-FASA.  

This study for the first time reported the formation of N-MeFASAA and N-EtFASAA 

during the transformation of AFFF-derived PFAS. As mentioned above, N-MeFASAA and 

N-EtFASAA might be the transformation products of TAmPr-FASA-AA/AmPr-FASA-
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PrA via multiple steps (Figure 4-3a). N-MeFASAA and N-EtFASAA were then converted 

to FASAA through N-dealkylation or a decarboxylation followed by multiple steps of alkyl 

oxidation (Figure 4-3a).34, 36, 158 FASAA could be further transformed to FASA via 

decarboxylation and N-dealkylation (Figure 4-3a).33, 34, 36 The increases of FASA peak 

areas were observed in both live treatment and abiotic control (Appendix-Figure B-10), 

suggesting that FASA can be formed under both biotic and abiotic conditions. FASA was 

eventually transformed to PFSA (Figure 4-3a). The transformation of FASA to PFSA 

might be a direct process as reported previously,155, 158 or the transformation may occur 

through an intermediate PFSAi as detected in some studies.34, 52, 164  

Transformation pathways of carboxamide-based PFAS in AFFF formulation is 

illustrated in Figure 4-3b. The reactions leading AmPr-FAAd to PFCA were similar to its 

sulfonamide counterpart (Figure 4-3a). First, successive N-dealkylation occurred to the 

methyl groups on the second nitrogen of AmPr-FAAd, resulting in the production of M-

AmPr-FAAd and FAAd-PrAn (Figure 4-3b). Then, N-deamination and following 

oxidation processes converted FAAd-PrAn to FAAd-PrA (Figure 4-3b).  FAAd-PrA was 

further transformed to PFCA through decarboxylation, multiple steps of alkyl oxidation, 

and amide hydrolysis (Figure 4-3b). Similar reactions involving carboxamide-based PFAS 

(i.e., from AmPr-FAAd to PFCA) were also predicted in previous studies.52, 154, 155 The 

occurrence of CEt-AmPr-FAAd in the AFFF formulation and associated transformation 

potential were for the first time reported in the present study. It is hypothesized that CEt-
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AmPr-FAAd could be biotically and abiotically transformed to AmPr-FAAd through 

decarboxylation and N-dealkylation (Figure 4-3b). Similar to AmPr-FASA and OAmPr-

FASA, the reactions between AmPr-FAAd and OAmPr-FAAd might be reversible and able 

to occur biotically and abiotically (Figure 4-3a).  

4.4 Conclusions 

This study identified 16 classes of PFAS in a historically used 3M AFFF formulation 

and demonstrated that multiple classes of ECF-based precursors are susceptible to abiotic 

and/or biotic transformation under biotic and/or abiotic conditions based on LC-HRMS 

and LC-MS analysis results. The transformation of ECF-based precursors in this study 

suggests that these precursors could be sources to PFAAs at historical AFFF-impacted sites. 

Although biotransformation of some classes of precursors, for example, AmPr-FASA, has 

been documented in previous studies for specific homologues (C6 and C8), this study 

included a wider range of homologues (C4-C8) and found that all of them could be 

biotransformed. Despite detection in AFFF formulations or contaminated sites, AmPr-

FASA-PrA/TAmPr-FASA-AA and CEt-AmPr-FAAd have not been reported to be 

transformed before. For the first time, biotransformation of AmPr-FASA-PrA/TAmPr-

FASA-AA and CEt-AmPr-FAAd has been evidenced. CEt-AmPr-FASA-PrA was found to 

be stable during the 308-day incubation, suggesting a lack of degraders in the soil used in 

this study or that this class of PFAS is persistent in the environment. Considering the 

timeframe of this study and the transformation extent observed, AFFF release into soils 
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will likely have long-term impacts on the source zone. The detection of many similar 

precursors in environmental samples from aged contaminated sites further evidence that 

the transformation rates in the field might be even slower than in laboratory conditions.  

The addition of AFFF as the parent compounds provided this study with a broader view 

on the stability of different classes of precursors and different homologues in individual 

classes. It was found that the functional groups of the nonfluorinated moiety and the carbon 

chain length of the perfluorinated moiety influenced the stability of these precursors. The 

presence of an additional methyl group at the end of the nonfluorinated moiety and 

carboxyalkyl group(s) on one or both two nitrogen atoms, and a longer perfluorinated 

carbon chain may enhance the stability of the precursors. The structural-relevant results 

obtained in this study provide important information to PFAS manufacturers regarding 

producing and using more stable PFAS in their products and supply chains. However, due 

to the complex composition and transformation pathways of the AFFF, the transformation 

kinetics of individual precursors could not be determined in the present study. Further 

studies are needed to better understand the transformation mechanisms. 

Although identified PFAS in this study can be semi-quantified based on the peak area 

counts in LC-HRMS analysis and assigned with confidence level based on established 

criteria (e.g., a match to library MS/MS and retention times, fragmentation evidence, and 

specific ranges of mass defects), most of them cannot be quantified due to the lack of 

authentic standards. Moreover, the proposed transformation pathways of both sulfonamide- 
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and carboxamide-based PFAS in the AFFF signify the existence of unknown precursors in 

AFFF formulations and unknown transformation intermediates. There is a need for 

synthesis of the authentic standards for quantitative analysis and for development of more 

robust analytical methods to determine the occurrence of those unknown compounds. 

These steps are crucial for the study of the fate of precursors in the environment and for 

management of the contaminated sites. 
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5 Potential Microbial Taxa in Soil Microbial Communities and Functional Genes 

Related to Fluorotelomer Biotransformation 

 

 

This chapter details research that is currently being prepared for submission to 

Environmental Science & Technology. The Supplementary Material that will be included 

with the submission is provided as Appendix C. 

 

 

Abstract 

Microbial transformation of per- and polyfluoroalkyl substances (PFAS), including 

fluorotelomer-derived PFAS, by native microbial communities in the environment has been 

widely documented. However, few studies have addressed the key microorganisms and 

their roles during PFAS biotransformation processes. This study undertook the task to gain 

more insights into the structure and function of soil microbial communities relevant to 

PFAS biotransformation. We gathered 16S rRNA gene sequencing data obtained from 8:2 

fluorotelomer alcohol and 6:2 fluorotelomer sulfonate biotransformation studies in soil 

microcosms under various redox conditions. Through co-occurrence network analysis, 

several genera, such as Variovorax, Rhodococcus, and Cupriavidus, were hypothesized to 

play important roles in the biotransformation of fluorotelomers. Additionally, a 

metagenomic prediction approach identified functional genes, both previously reported as 

associated with fluorotelomer biotransformation and not yet reported, that may be involved 

in the biotransformation. To our knowledge, for the first time, these bioinformatics tools 

are applied to analyzing sequencing data related to PFAS biotransformation, which by itself 
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are valuable resources for PFAS biotransformation studies. The findings of this study also 

provide reference for studying the enzymatic mechanisms of microbial defluorination and 

developing efficient microbial consortia for PFAS biotransformation in the future. 
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5.1 Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a group of man-made chemicals 

commonly found as products and byproducts in modern industrial processes. Because of 

their widespread use and unique chemical structures and stability, PFAS has resulted in 

extensive contamination in the environment. Due to the adverse health and environmental 

effects resulting from PFAS, global interest in studying PFAS remediation strategies has 

been spurred. For decades, physicochemical treatments, such as activated carbon and anion 

exchange sorbents, metal-doped nanomaterial sorption, UV and metal-doped 

photodegradation, as well as electrochemical reactions, were regarded as efficient 

techniques for PFAS removal. With the recent discoveries of defluorination of 

perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS),116 

bioremediation, with its lower costs and smaller environmental impact, has been gaining 

prominence.  

Research has already shown that indigenous microbial communities in the environment 

can transform certain types of PFAS, including fluorotelomer-derived and electrochemical 

fluorination (ECF)-based PFAS. For example, biotransformation of 6:2 fluorotelomer 

sulfonate (6:2 FTS) by native microbial communities was observed in activated sludge,29 

river sediments,31 and landfill leachate.45 Microbial transformation of N ethyl 

perfluorooctane sulfonamido ethanol (EtFOSE) was documented in activated sludge,228 

marine sediments,156 and wetland slurry.162 With microbial populations of complexity and 
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diversity, soils are natural reservoirs of microorganisms that can be adapted to harmful 

environment and be able to degrade organic pollutants. Microbial communities derived 

from soils were also reported to transform PFAS, including fluorotelomer alcohols,23, 229 

and nitrogen-containing polyfluoroalkyl substances.52, 154, 155 Although microorganisms 

play important roles in the PFAS biotransformation, the crucial microorganisms and 

functional genes responsible for the biotransformation processes are still unclear. 

A few studies assessed the microbial profiles during the biotransformation of PFAS by 

16S rRNA gene sequencing.31, 45, 162, 230 The traditional analysis of microbial community 

composition and diversity can facilitate understanding the adaptation mechanisms of 

microorganisms towards xenobiotic and recalcitrant compounds. However, the microbes 

involved in organic pollutant biotransformation are not always necessarily abundant in the 

entire microbial community. The degraders might be ignored by researchers due to their 

low abundance. For example, it was observed that the non-degraders of antibiotic 

sulfamethoxazole were more abundant than degraders in activated sludge.231 Moreover, 

PFAS might be biotransformed by synergistic actions of multiple co-existing microbes 

instead of a collection of independent microorganisms. Nevertheless, the detection of 

microbial co-occurrence and interactions in a microbial community is beyond the scope of 

traditional microbial community analysis. 

Microbial network analysis has become a fundamental tool for deciphering microbial 

interactions and identifying key taxa, which can drive community composition and 
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function irrespective of their abundance.232 Network analysis has been employed to large 

sequencing datasets of environmental samples to reveal the significant microbial co-

occurrence patterns in different ecosystems, including marine water,233 ,soil,234 even at the 

global scale.235 It has also been used in numerous studies investigating structures of 

microbial communities in contaminated sites to provide clues for environmental 

management and bioremediation of pollutants, such as rare earth elements and polycyclic 

aromatic hydrocarbons (PAHs).236, 237 Very few studies have applied network analysis to 

investigating microbial communities related to PFAS contamination.238, 239  

Previously, a suite of microcosm experiments was conducted in our laboratory to 

investigate biotransformation kinetics and pathways of two fluorotelomers, 8:2 

fluorotelomer alcohol (8:2 FTOH) and 6:2 FTS in aqueous film-forming foam (AFFF)-

impacted soils, as well as the impact of fluorotelomers on the microbial communities. To 

gain more insights into the fluorotelomer biotransformation potential of soil 

microorganisms, in this study, 16S rRNA gene sequencing data collected from those 

microcosm experiments were gathered and subjected to downstream analysis using 

bioinformatics and computational tools. Specifically, the aims of this study were to (a) 

reveal co-occurrence patterns of microbes in response to fluorotelomer biotransformation, 

(b) generate hypotheses about potential key taxa in the soil microbial communities that 

may play important roles in fluorotelomer biotransformation, and (c) generate hypotheses 
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about potential functional genes that may contribute to fluorotelomer biotransformation 

and the microbes that could potentially harbor the functional genes. 

5.2 Materials and methods 

5.2.1 Data integration and processing for post-sequencing analysis 

The raw 16S rRNA gene sequencing data obtained from previous microcosm 

experiments that were conducted to study 8:2 FTOH and 6:2 FTS biotransformation was 

collected and integrated. Additional details of the set-up of these microcosm studies and 

sequencing can be found in previous publications132, 240 and Appendix-Section C1&Table 

C-1. The merged raw sequencing read pairs were demultiplexed, quality-trimmed by 

removing Illumina adapters and PhiX reads using bbduk, and merged using bbmap. The 

non-redundant sequences were denoised with Deblur and partitioned into amplicon 

sequence variants (ASVs). To determine taxonomy assignment, the representative 

sequences were mapped against an optimized version of the SILVA Database version 138.1. 

5.2.2 Microbial co-occurrence network analysis 

To explore microbial co-occurrence patterns that are not able to reveal by traditional 

taxonomic profiling and the microbial taxa that may play crucial roles in fluorotelomer 

biotransformation but be overlooked due to low relative abundance, a correlation-based 

network analysis was performed using ñigraphò package in R.241 Briefly, the Spearman 

rank correlations between ASVs were calculated. Only the robust and significant 

correlations (Spearman's rank correlation coefficient ɟ > 0.8 and Benjamin-Hochberg 
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adjusted P-value < 0.01) were used to construct a co-occurrent network associated with 

fluorotelomer contamination. Network visualization and modularization were achieved 

using Gephi (version 0.9.2).242 To describe the pattern of correlations between ASVs, a set 

of topological properties of this network were calculated and compared to those of 10,000 

random networks generated using ErdŖs-Rényi model with the same number of nodes and 

edges. Chi-square test along with Cramer's V was performed using ñlsrò package243 in R 

to determine the correlation between network modules and environmental factors. In 

addition, two types of potentially important taxa, generalist and keystone taxa in the co-

occurrent network were identified based on ecological concepts. 

Generalist are species that persist across multiple environments or environmental 

gradients and contribute to the ecological stability.244 In this study, the ASVs broadly 

distributed across different sets of microcosm experiments are regarded as generalists, that 

is, the ASVs presented independently of soil and contaminant are generalists. Defining taxa 

in ecological communities as generalists might be somewhat arbitrarily but is useful for 

providing additional information from those defined by taxonomy.245, 246 Habitat 

generalists were thought to be migrating from their natal habitats by dispersal processes in 

response to environmental disturbance and signals.247, 248 

The species in an ecosystem that have strong and disproportionately large impact on 

the community composition relative to their abundance, are defined as keystone species.249 

Removal of keystone species from a microbial community may have negative impact on 
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the microbiome structure or even result in dysfunction.232 Two methods based on 

calculated topological features were used in this study to identify the keystone taxa in the 

constructed network; one is a centrality-based method and the other is a connectivity-based 

method. criteria are detailed in Appendix-Section C2 and topological features of all nodes 

are shown in Supplementary Data X1 (Appendix-Section C3). 

5.2.3 Functional analysis 

To predict functional genes/enzymes in response to the fluorotelomer contamination, a 

computational tool, phylogenetic investigation of communities by reconstruction of 

unobserved states (PICRUSt2), was applied with default settings based on normalized 16S 

rRNA gene abundance levels. According to Kyoto Encyclopedia of Genes and Genomes 

(KEGG, http://www.kegg.jp/), a KEGG Orthology (KO) identifier (or K number) was 

assigned to each feature (functional gene/enzyme) predicted by PICRUSt2. The functions 

of predicted features and potential pathways involving the features were also annotated 

based on the KO database. Pairwise comparison of predicted gene abundance between 

treatment (microcosms exposed to fluorotelomer) and control (microcosms without 

fluorotelomer addition) in each set of microcosm experiment was performed by a 

differential abundance analysis tool using ñedgeRò package in R.250 The genes with 

significant changes in abundance (an absolute log2-fold change > 2 and an FDR-adjusted 

P-value < 0.05) were picked as candidates for further investigation. In addition, the genes 

potentially related to PFAS degradation identified or predicted in previous research were 

http://www.kegg.jp/
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manually picked.46, 47, 251 The genes involved in xenobiotics biodegradation and 

metabolism according to the KEGG pathway annotation with significantly higher 

abundance and shared between different microcosm experiments were pooled with the 

manually picked genes and subjected to subsequent functional analyses. 

5.3 Results and discussion 

5.3.1 Microbial co-occurrence network 

5.3.1.1 Microbial community compositions, topological properties, and modules 

The network generated using identified microbial taxa in treatment groups (with 

addition of fluorotelomers) is called constructed network hereafter and shown in Figure 

5-1a. The constructed network consisted of 269 nodes (ASVs) and 1,627 edges 

(correlations). The ASVs were distributed primarily into ten major phyla accounting for 

over 90% of all nodes, in which the most abundant phylum was Firmucutes (31.60%), 

followed by Proteobacteria (25.65%), Chloroflexi (11.52%), Bacteroidota (6.69%), 

Acidobacteriota (6.32%), Actinobacteriota (2.97%), Myxococcota (1.86%), Halobacterota 

(1.86%), Desulfobacterota (1.49%), and Verrucomicrobiota (1.49%). 

The nodes in the constructed network were highly connected (approximately 12 edges 

per node). The average path length (i.e., average network distance between all pairs of 

nodes) was 3.474 edges with a diameter (longest distance) of 10 edges. Compared with the 

identically sized ErdŖs-Rényi random networks, the modularity and clustering coefficient 

(the degree of the nodes tend to cluster together) of the constructed network were both 
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greater (Appendix-Table C-2), suggesting the nodes in the constructed network tended to 

co-occur more and form a significantly clustered topology than expected by chance. The 

taxa detected in control groups (without addition of fluorotelomers) were also used to 

construct a network (called the control network hereafter). Although the topological 

properties of the constructed network were similar to the control network (Appendix-

Table C-2 and Supplementary Data X2 in Appendix-Section C3), these two networks 

shared less than 50% nodes (ASVs). This study focused on the constructed network 

associated with fluorotelomer contamination. 

As shown in Figure 5-1b, all nodes of the constructed network were modularized into 

7 major modules (containing more than 10 nodes) that were comprised of different 

taxonomic profiles. Module 1 and 2 were the two largest modules with 57 and 52 nodes, 

representing 21.2% and 19.3% of the nodes in the entire constructed network, respectively. 

Module 1 was dominated by Firmicutes, while module 2 was dominated by Proteobacteria 

and Chloroflexi. Module 3 (26 nodes) and 7 (15 nodes) contained a variety of taxa 

dominated by Proteobacteria and Firmicutes, respectively. The taxonomic composition of 

Module 4, 5, and 6 were relatively simple. Module 4 (19 nodes) contained ASVs from 

Chloroflexi, Firmicutes, and Proteobacteria, and mostly belonged to Proteobacteria. Nodes 

in both Module 5 (18 nodes) and 6 (16 nodes) were mostly Firmicutes. Module 5 also 

contained a few nodes from Chloroflexi and Module 6 contained some nodes from 

Actinobacteriota.  
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The formation of modules in microbial networks have been reported to be driven by 

environmental factors, such as soil properties and water depth.252, 253 In the constructed 

network, environmental factors, including contaminant added externally, soil type, and 

redox conditions all showed strong correlations (Cramer's V > 0.6 and Chi-square P < 

0.001) with modules (Appendix-Table C-3). To better visualize the environmental factors 

associated with the modules in the constructed network, the nodes of the constructed 

network were colored according to different conditions, including the contaminant added 

externally (8:2 FTOH or 6:2 FTS), soil (Loring soil or Robins soil), and redox conditions 

(aerobic, nitrate-, sulfate-, or iron-reducing conditions) (Appendix-Figure C-1). Most 

ASVs in Module 1, 5, and 7 existed in Loring soil under sulfate-reducing conditions. 

Module 2 and 3 represented the most aerobic microorganisms presented in Loring soil and 

Robins soil, respectively. Module 4 and 6 contained ASVs mostly from Loring soil under 

nitrate-, and iron-reducing conditions, respectively. The diverging modules associated with 

various soil types and redox conditions indicate the modules in microbial networks may 

represent different niches. 
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Figure 5-1 Microbial co-occurrence networks in fluorotelomer contaminated soils under different redox conditions (constructed 

networks). An edge (connection) between nodes (ASVs) indicates a strong and significant correlation between two nodes. The size of 

each node is proportional to the number of connections (degree). The nodes are colored according to (a) phylum taxa and (b) module 

assigned.
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5.3.1.2 Generalist taxa and co-occurrent microbes 

The generalist ASVs and their co-occurrent ASVs with significant correlations 

(Spearman's correlation coefficient ɟ > 0.8 and adjusted P-value < 0.01) are shown in Table 

5-1. A total of five ASVs were found in both Loring and Robins soils and both 8:2 FTOH 

and 6:2 FTS microcosm experiments. One of them (ASV0242) is a member in genus 

Candidatus Solibacter (phylum Acidobacteriota) associated with chlorocyclohexane and 

chlorobenzene biodegradation254 and decomposition of plant residues.255 Two of these five 

generalists belong to phylum Proteobacteria (Alphaproteobacteria subclass): ASV0606 and 

ASV 0944 are affiliated to genera Rhodoplanes and Variovorax. Some microbes in the 

former genus are linked to biodegradation of PAHs and polybrominated diphenyl ethers 

(PBDEs).256, 257 Species in the latter genus possess diverse catabolic abilities, including 

removing chloride ions from aromatic rings,258 degrading benzene,259 chlorinated 

triazine,260 as well as trichloroethylene (TCE) .205 Another two generalists are unclassified 

genera in phylum Chloroflexi: ASV1016 is a member in order SJA-15 widely identified in 

wastewater treatment plant activated sludge;261 ASV0614 is in class KD4-96, previously 

reported as a keystone taxon in rhizosphere microbial community262 and involved in the 

biodegradation of halosulfuron methyl.263 Although these generalists are not highly 

connected with other microbes in the community, they are believed to be well adapted to a 

variety of conditions and might be playing a role during fluorotelomer biotransformation. 

Similar to the degree (number of connections with other nodes) of soil generalists 
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identified in soil samples collected across spatial or temporal gradient (< 20),234 the 

generalists identified in this study also have small degrees (1, 2, and 13). The co-occurrent 

ASVs of generalists are also shown in Table 5-1. Both ASV0654 and ASV2000 are 

affiliated to genus Anaeromyxobacter (phylum Myxococcota). Some Anaeromyxobacter 

dehalogenans strains were recognized to use halogenated compounds as terminal electron 

acceptor.264 ASV0257 and ASV1604 are members in genus Pseudolabrys (phylum 

Proteobacteria) with great potential functional activity in degradation of chloroalkanes and 

chloroalkenes.265 ASV1309 (genus Ancylobacter), ASV0204 (genus Cupriavidus), and 

ASV1805 (genus Mesorhizobium), all belonging to phylum Proteobacteria. Some species 

in these three genera were documented to encode haloalkane dehalogenases and be 

responsible for degradation of halogenated aliphatic compounds.206, 266, 267 The co-

occurrent ASVs with generalists may also play a role during fluorotelomer 

biotransformation. 
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Table 5-1Taxonomy of generalists ASVs and their significant (P-value < 0.01) co-occurrent ASVs 

Generalist Phylum Genus 

Co-

occurrent 

ASV 

Spearman's 

ɟ 
Phylum Genus 

ASV0242 Acidobacteriota 

Candidatus 

Solibacter ASV0117 0.809 Acidobacteriota Unassigned 

   ASV0104 0.809 Chloroflexi Unassigned 

   ASV0939 0.809 Chloroflexi Anaerolinea 

   ASV2084 0.804 Firmicutes Uncultured 

   ASV0654 0.811 Myxococcota Anaeromyxobacter 

   ASV2000 0.809 Myxococcota Anaeromyxobacter 

   ASV1309 0.804 Proteobacteria Ancylobacter 

   ASV1652 0.802 Proteobacteria Azospirillum 

   ASV0257 0.811 Proteobacteria Pseudolabrys 

   ASV0204 0.804 Proteobacteria Cupriavidus 

   ASV1653 0.804 Proteobacteria Burkholderia_Caballeronia_Paraburkholderia 

   ASV0202 0.809 Verrucomicrobiota ADurb_Bin063_1 

   ASV1491 0.809 Verrucomicrobiota Unassigned 

ASV0606 Proteobacteria Rhodoplanes ASV0849 0.837 Proteobacteria Uncultured 

   ASV0955 0.842 Firmicutes Unassigned 

ASV0944 Proteobacteria Variovorax ASV1665 0.810 Actinobacteriota Rhodococcus 

   ASV1805 0.805 Proteobacteria Mesorhizobium 

ASV1016 Chloroflexi Unassigned ASV0274 0.816 Firmicutes Clostridium_sensu_stricto_13 

ASV0614 Chloroflexi Unassigned ASV1604 0.915 Proteobacteria Pseudolabrys 
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5.3.1.3 Keystone taxa 

With the centrality-based method, 11 ASVs were identified as keystone taxa listed in 

Supplementary Data X3 (Appendix-Section C3). Three out of them (ASV0242, 

ASV2086, and ASV2157) belong to phylum Acidobacteriota. ASV0242 within genus 

Candidatus Solibacter was also identified as a generalist presented in both Loring and 

Robins soils and thrived with both 8:2 FTOH and 6:2 FTS contaminants. ASV2086 

affiliated to genus Bryobacter was reported to be involved in carbon cycle and energy 

cycle.268 ASV 2157 is an uncultured family member in order Vicinamibacterales, which 

might be related to 1,4-dioxine biodegradation.269 Two of these 11 keystone taxa 

(ASV2084 and ASV2091) belong to phylum Firmicutes. ASV2084 is an unculture genus 

in family Symbiobacteraceae, which was reported to have contribution to syntrophic 

acetate oxidation,270 while ASV2091 is an unclassified member in order Hydrogenispora. 

Species in Hydrogenispora can ferment sugars and fulvic acid.271, 272 Another two ASVs 

(ASV2000 and ASV0917) among the keystone taxa are from phylum Myxococcota. 

ASV2000 is also identified as a generalist. ASV0917 belongs to the genus Pajaroellobacter. 

Species in this genus were found to be involved in sulfadiazine biodegradation273 and 

correlated with higher pH, nitrate, nitrite, phosphorus and ammonia.274 Other keystone taxa 

included microbes in phylum Actinobacteriota (ASV0924), Bacteroidota (ASV1644), 

Gemmatimonadota (ASV2193), and Proteobacteria (ASV1652). ASV0924 is affiliated to 

order OPB41 and linked to sugar catabolism.275 ASV1644 within family BSV40 (order 
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Ignavibacteriales) may be able to break down ethylene glycol.276 Members in ASV2193, 

an uncultured group in family Gemmatimonadaceae, could be relevant to degradation of 

chlorinated organophosphate flame retardants277 and PAHs.278 ASV1652, affiliated to 

genus Azospirillum, in which strains were found to have capability to degrade benzoate 

and phenol.279 

Based on the connectivity-based method, 29 ASVs identified as key taxa are shown in 

Supplementary Data X4 (Appendix-Section C3). Among them, two ASVs (ASV1532 

and ASV0610) were classified as network hubs, which might be important for the 

coherence of the global network. ASV 1532 is an unculture class belonging to phylum 

Armatimonadota, which has been reported to degradation of organic matters280 and 

antibiotics,281 and support anammox process.282 ASV0610 belongs to genus 

Christensenellaceae R-7 group within phylum Firmicutes. Little is known about the 

functions of microorganisms in this genus, although commonly detected as fermentative 

bacteria in rumen.283 

Rest keystone taxa identified by the connectivity-based method were classified as 

modular hubs, which are primarily distributed in Module 1, 2, as well as 3, and likely 

played important roles in their local modules in the network. In Module 1, several ASVs 

belonging to genera Sedimentibacter (ASV0604, ASV1391, and ASV1121), 

Christensenellaceae R-7 group (ASV0575), Clostridium sensu stricto 13 (ASV0274), an 

unclassified genus group in family SRB2 (ASV1714) within phylum Firmicutes, 
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Rhodomicrobium (ASV0941), Methylocystis (ASV1222), and an uncultured group in 

family Beijerinckiaceae (ASV0530) of phylum Proteobacteria, were identified as keystone 

taxa. Species in genus Sedimentibacter were broadly reported involved in biodegradation 

of organic pollutants, including polychlorinated biphenyls,284 pentachlorophenol,285 

hexachlorocyclohexane,286 and polyacrylamide.287 Clostridium sensu stricto 13 was 

identified as atrazine-degrading strains.288 Species in genus Rhodomicrobium were 

documented to harbor genes required for solvent resistance and degradation of aromatic 

compounds.289 Members in genus Methylocystis were found to be capable of degrading a 

variety of halogenated compounds including chlorinated aromatic compounds,290 and 

chlorinated ethenes, alkanes, as well as alkenes.291 Moreover,  an uncultured genus from 

family Anaerolineaceae with in phylum Chloroflexi (ASV1118), unclassified suborder 

OPB41 within phylum Actinobacteriota (ASV0884), and order Subgroup 7 of phylum 

Acidobacteriota (ASV2019) were also keystone taxa in Module 1. Members in family 

Anaerolineaceae were evident in crude oil degradation,292 whereas functions of 

microorganisms belonging to order OPB41 and Subgroup 7 were poorly studied. 

In Module 2, multiple genera Legionella (ASV1718), Achromobacter (ASV2151), and 

an uncultured group in family Oxalobacteraceae (ASV1298) within phylum Proteobacteria, 

unclassified groups in class Holophagae order Subgroup 7 within phylum Acidobacteriota 

(ASV0777), family A4b within phylum Chloroflexi (ASV04115), class Sericytochromatia 

within phylum Cyanobacteria (ASV2068), and unassigned class in phylum Zixibacteria 
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(ASV0491) behaved as modular hubs. Some species in genus Legionella have been 

recognized as pathogens of legionellosis,293 but some were also classified as anthracene 

degrader.294 Members in genus Achromobacter were widely documented playing roles 

during degradation of organic compounds, including polychlorinated biphenyls295 and 

hydrocarbons.296 Lineages in family Oxalobacteraceae were found to be responsible for 

PAHs and polyacrylamide biodegradation,297, 298 and showed strong negative correlations 

with PFAS.299 Little information if available on family A4b, which was hypothesized to 

contribute to PAHs and carbohydrate degradation.257, 300 

In Module 3, genus Anaerolinea (ASV0939) and a group in family A4b (ASV0104) 

both within phylum Chloroflexi, genus Anaeromyxobacter of phylum Myxococcota (ASV 

0654 and ASV2000), as well as genus Pseudolabrys in phylum Proteobacteria (ASV0257) 

acted as module hubs. Anaerolinea species were characterized as carbohydrate and PAH 

degraders.301, 302 Other keystone taxa that were not within Module 1, 2, and 3 included 

unclassified genera in family BSV40 in phylum Bacteroidota (ASV1644) and order 

SBR1031 in phylum Chloroflexi (ASV1379). Members in order SBR1031 appeared to play 

a crucial role in degradation of biodegradable plastics and PAHs.303 The only keystone ASV 

belonging to domain Archaea other than Bacteria (ASV1149) was an uncultured group in 

order Methanomicrobiales of phylum Halobacterota, which was likely a major player in 

hydrocarbon degradation.304 

The keystone taxa played an important role in maintaining the stability of the network, 
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especially the shared ASVs in different modules and identified as keystone taxa by both 

methods. For example, species in order Subgroup 7 of phylum Acidobacteriota and family 

A4b within phylum Chloroflexi were found in different modules; species in family BSV40 

in phylum Bacteroidota and genus Anaeromyxobacter belonging to phylum Myxococcota; 

their functions in fluorotelomer transformation need further investigation. 

5.3.2 Microbial functional profiles 

PICRUSt2 predicted nearly 7,000 genes across all samples in this study. The count of 

genes with significant changes in abundance (absolute log2-fold change > 2 and an FDR-

adjusted P-value < 0.05) during biotransformation of fluorotelomers in each set of 

microcosm experiment is shown in Appendix-Table C-4. The genes with significantly 

higher abundance (log2-fold change > 2 and FDR-adjusted P-value < 0.05) in the treatment 

exposed to fluorotelomer compared to the control without fluorotelomer might be 

functional genes associated with fluorotelomer biotransformation. The count of these genes 

in each set of microcosm experiment (A-F) varied greatly from 36 (6:2 FTS microcosms 

with Loring soil under aerobic conditions) to 1,266 (8:2 FTOH microcosm with Loring soil 

under nitrate-reducing conditions) (Figure 5-2). Overall, most of these functional genes 

were not shared at all. There was relatively little overlap between microcosm experiments 

(from 1 to 94) (Figure 5-2). 
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Figure 5-2 UpSet plot for genes shared among different sets of microcosm experiments. 

The table (top, left panel) shows the contaminant, soil type, and redox condition in each 

set of microcosms. The horizontal bar plot (bottom, left panel) exhibits the total number 

of genes with significantly higher abundance in each set of microcosms. The vertical bar 

plot (top, right panel) depicts the number of genes shared by two or more of sets of 

microcosms. The matrix (bottom, right panel) indicates which sets of genes are 

represented by each bar.  

 

5.3.2.1 Functional genes that may be involved in fluorotelomer biotransformation 

The substantial variations without consistent functional genes across microcosm 

experiments made it difficult to identify universal functional gene(s) related to 

fluorotelomer biotransformation. To avoid missing any possible potential functional genes 

capable of fluorotelomer biotransformation, all the functional genes with significantly 

higher abundance shared by at least two sets of microcosm experiments were selected for 

further screening. The selected 258 functional genes belong to 12 KEGG level 2 pathways, 

including nucleotide metabolism, carbohydrate metabolism, lipid metabolism, amino acid 

metabolism, energy metabolism, xenobiotics biodegradation and metabolism, genetic 
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information processing, and signaling and cellular processes (Supplementary Data X5 in 

Appendix-Section C3). Specifically, we targeted genes associated with xenobiotics 

biodegradation and metabolism, which are probably responsible for some steps in 

fluorotelomer biotransformation. As shown in Supplementary Data X5 (Appendix-

Section C3), 26 out of the 258 selected functional genes encoding different classes of 

enzymes, including oxidoreductases, hydrolases, and lyases are related to xenobiotics 

biodegradation pathways. The relative abundance of these 26 functional genes in different 

sets of microcosm experiments was illustrated in Appendix-Figure C-4. 

Common oxidoreductases are dehydrogenases and reductases that catalyze oxidation-

reduction reactions on different bonds, such as the CH-OH group, aldehyde, or CH-CH 

group. Eight genes among the 26 identified function genes were found to encode 

dehydrogenases or reductases. The potential functions of these genes reported in prior 

literature were summarized in Appendix-Table C-5. Most of them contribute to 

biodegradation of aromatic compounds. For example, K07538, the gene (had) encoding 6-

hydroxycyclohex-1-ene-1-carbonyl-CoA dehydrogenase was reported to oxidize the 

secondary alcohol to ketone and likely involved in anaerobic degradation of benzoate and 

its derivatives in denitrifying bacteria, like Magnetospirillum sp. strain pMbN1 and 

Thauera aromatica.305, 306 Interestingly, K00217, encodes a maleylacetate reductase, which 

has been reported as an important enzyme for dechlorination of chloroaromatics in multiple 

bacterial strains, such as Pseudomonas sp,307 Cupriavidus necator JMP134,267 and 
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Rhodococcus opacus.308 

Another subclass of oxidoreductases is oxygenase, which plays key roles in breaking 

down numerous compounds.309 They are widely documented to be essential in aerobic 

degradation of aromatic compounds by ring hydroxylation or cleavage of the inert aromatic 

structure. They can also function in dehalogenation. For example, 2, 2-fluoro-1,3-

benzodioxole and its derivatives can undergo defluorination by dioxygenases in 

Pseudomonas strains.310 Arthrobacter strain IF1 was found to harbor a pathway to degrade 

4-fluorophenol that involves immediate defluorination by a monooxygenase was the one 

responsible for defluorination.311 In present study, six genes among the 26 identified 

function genes are oxygenases and listed in Appendix-Table C-6. Similar to the above 

dehydrogenases, these oxygenases are generally involved in degradation of PAHs by 

breaking aromatic rings. It is worth noting that K04098, encoding hydroxyquinol 1,2-

dioxygenase, have been documented to be responsible for removal of chlorines from 

chlorinated phenols and cleavage of chlorohydroquinone in multiple genera of 

microorganism such as Azotobacter and Burkholderia.312, 313 

Other identified functional genes, encoding enzymes in classes of hydrolases, lyases, 

transferase, isomerase, and ligase are presented in Appendix-Table C-7. Enzymes encoded 

by these genes can participate in catabolic processes of organic compounds and a few of 

them are associated with halogenated compounds degradation. K07539, 6-oxocyclohex-1-

ene-carbonyl-CoA hydrolase encoded by oah, which was considered to be capable of 
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defluorination of 2-F-1,5-dienoyl-CoA, its isomers, and 2-F-6-OH-1-enoyl-CoA.314 This 

hydrolase, and cyclohexa-1,5-dienecarbonyl-CoA hydratase encoded by dch (K07537), 

were both reported to initiate defluorination of the 2-F-1,5-dienoyl-CoA intermediate by 

1,4-hydration. In addition, K03382, hydroxydechloroatrazine ethylaminohydrolase 

encoded by atzB, which can break carbon-nitrogen bonds in a chlorinated triazine systemic 

herbicide,315 was identified as a functional gene in this study. Although this hydrolase itself 

is not directly acting on chlorine, another component in the same gene cluster, atzA encodes 

atrazine chlorohydrolase, which can remove chloride.315 

5.3.2.2 Other interesting functional genes 

Apart from the above discussed functional genes/enzymes, some other interesting 

enzymes (summarized in Appendix-Table C-8) predicted in this study were selected and 

discussed below. Despite showing no significant abundance according to the PICRUSt2 

prediction results in this study, they were documented in previous or emerging studies, and 

having capacity to degrade halogenated compounds including fluoroaliphatics and 

fluorotelomers. For example, haloacetate dehalogenase (K01561), was found to be 

responsible for microbial defluorination of fluoroacetate.316 With significant similarity to 

haloacetate dehalogenase in terms of encoding gene sequence, haloalkane dehalogenase 

(K01563), purified from multiple bacterial strains, such as Rhodococcus rhodochrous, 

Sphingomonas paucimobilis, and Xanthobacter autotrophicus were found to degrade a 

variety of chlorinated, brominated, and iodinated compounds.317-319 Recently, a study 
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examining genes involved in 6:2 FTS biotransformation by Rhodococcus jostii RHA1, 

found that alkanesulfonate monooxygenase is associated with desulfonation of 6:2 FTS, 

while haloacid dehalogenase (K01560), alkane monooxygenase (K00496), and 

cytochrome P450 (K16389) are linked to defluorination.47 Another recent study reported 

that a gene cluster in Dietzia aurantiaca J3 encoding an FMN reductase (ssuE, K00299), 

an alkanesulfonate monooxygenase component B (ssuD, K04091), an alkanesulfonate 

permease protein (ssuC, K15554), an ABC transporter (ssuB, K15555), and an 

alkanesulfonate-binding protein (ssuA, K15553) are involved in 6:2 FTS 

biotranformation.46 Although defluorination was observed the 6:2 FTS biotransformation, 

the potential role of this gene cluster was thought to be alkanesulfonate utilization rather 

than defluorination. Additionally, to mitigate fluoride toxicity, Wackett speculated the 

existence of a fluoride-proton antiporter to expel fluoride from the cell in polyfluorinated 

compounds degraders.251 One common fluoride-specific riboswitch encoding by crcB 

(K06199) that can serve as a fluoride-proton antiporter was also predicted in this study. 

The relative abundance of these interesting functional genes in different sets of microcosm 

experiments was illustrated in Appendix-Figure C-4. 

5.3.3 Association between functional genes/enzymes and microorganisms 

PICRUSt2 was also used to link the functional genes/enzymes discussed above, 

including 26 of them associated with xenobiotics biodegradation and metabolism, and the 

interesting genes/enzymes reported previously, to the microbial taxa (Supplementary 
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Data X6 in Appendix-Section C3). Some genes are widely distributed in numerous genera 

of microorganisms. For example, K04098 and K00217, both responsible for dechlorination, 

were possessed by genera Rhodococcus, Bradyrhizobium, 

Burkholderia_Caballeronia_Paraburkholderia, Cupriavidus (Figure 5-3a). K07537 and 

K07539, which can initiate defluorination, both showed a high contribution from Azoarcus 

and Desulatiglans (Figure 5-3a). It suggests that more than one strain of bacteria in the 

soils may contribute to defluorination and fluorotelomer biotransformation. 

It is not surprising that some generalists and their co-occurrent microorganisms 

identified in the network analysis are found to harbor multiple functional genes that may 

associate with fluorotelomer biotransformation. ASV0944, a generalist belonging to genus 

Variovorax, and co-occurrent ASVs, including species within the genera Cupriavidus 

(ASV0204), Burkholderia_Caballeronia_Paraburkholderia (ASV1653), Rhodococcus 

(ASV1665), Pseudolabrys (ASV1604), Mesorhizobium (ASV1805), and Ancylobacter 

(ASV1309), are all predicted to contain the components (K00299 and K15553-15555) in a 

gene cluster reported to be responsible for 6:2 FTS biotransformation in another bacterial 

strain,46 a haloacid dehalogenase gene (K01560), and a fluoride exporter gene (K06199) 

(Figure 5-3b). This again evidences these microorganisms are potential fluorotelomer 

degraders.  

Moreover, most keystone taxa identified in the network analysis are predicted to carry 

at least one functional gene related to fluorotelomer biotransformation. ASV2151, a species 
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within the genus Achromobacter contains the 6:2 FTS biotransformation gene cluster 

(K00299 and K15553-15555), a haloacid dehalogenase gene (K01560), a haloacetate 

dehalogenase (K01560), and a fluoride exporter gene (K06199) (Figure 5-3b). ASV2000 

belonging to genus Anaeromyxobacter likely have a haloacid dehalogenase gene (K01560), 

a haloalkane dehalogenase gene (K01563), and a fluoride exporter gene (K06199) in its 

genome (Supplementary Data X6 in Appendix-Section C3). This also indicates that the 

keystone taxa are possibly able to contribute to fluorotelomer transformation. 
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Figure 5-3 Sankey diagrams indicating the contribution of predicted functional genes by bacterial taxa across all microcosm 

experiments. Noted that the vertical nodes are not proportional to the size of relative abundance. The left column represents functional 

genes (a) that may be related to defluorination and (b) that were also identified as important functional genes in this study. The middle 

and right columns are taxonomic groups at phylum level and taxonomic groups at genus level, respectively. The colors are assigned 

based on the taxonomy at genus level.
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5.4 Conclusions 

Microbial profiling at different taxonomic levels based on 16S rRNA gene sequencing 

results is an important tool to reveal microbial community composition and changes in 

microbial community structure, but it could not provide direct evidence for interactions 

between microorganisms and their functional capabilities. In this study, a correlation-based 

network analysis for modeling relations between objectives (microbes) and PICRUSts2 for 

predictive functional analysis were used to identify potential key players in soil microbial 

communities and genes carried by the microbes that may be involved in fluorotelomer 

biotransformation processes. 

This work highlights the modular structure of soil microbial communities formed after 

exposure to fluorotelomers. Through the network modeling, it was able to identify keystone 

taxa including genera Variovorax, Rhodococcus, and Cupriavidus. In addition, with 

metagenomic prediction, a wide range of genes involved in the biotransformation, such as 6-

oxocyclohex-1-ene-carbonyl-CoA hydrolase gene and cyclohexa-1,5-dienecarbonyl-CoA 

hydratase gene were predicted to be associated with fluorotelomer biotransformation. The 

functional potential was found widely distributed in the keystone taxa. It is tempting to 

speculate whether the functional genes/enzymes identified in this work are also relevant during 

transformation of PFOA and PFOS, as well many others PFAS. This study provides good 

candidates of microbial taxa and functional genes to test for other PFAS transformation and 

defluorination; the data generated in this study has the potential to be incorporated into other 

PFAS biotransformation studies for assessing biotransformation potential in soils and other 

environmental matrices. 

There are some noteworthy limitations of the analyses performed in this study. The first is 

that the dataset of sequencing result is small (1-2 samples for each treatment in each set of 

microcosm experiment), which limits our statistical power to identify variation in the microbial 
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community and functional genes. Although microbial metagenome prediction by PICRUSt2 is 

comparable to shotgun metagenomic analysis, an innate issue from this algorithm can generate 

biased predictions toward existing reference genomes and lower possibilities of rare 

environment-specific functionsô identification. This limitation is decreasing over time because 

of the growing number of high-quality available genomes. In addition, the differential 

abundance analysis approach used in this study (edgeR) to find out functional KOs with higher 

abundance likely gives some false positives.320 Including more replicate samples in future study 

can minimize the number of false positives.321 Combining the PICRUSt analysis results with 

more quantitative approaches, for example, qPCR and RNA-Seq, would enhance the findings 

in present study. Furthermore, it should be noted that the bioinformatics tools employed in this 

study are based on correlation-based predictions. Therefore, it is important to exercise caution 

in interpreting the results, and further investigations are required to demonstrate the causal 

relationships between the identified key taxa and fluorotelomer biotransformation as well as to 

confirm the existence and functional roles of the identified genes. 

An expansion of study with more diverse PFAS transformation experiments and a larger 

size of sequencing samples should be considered as a future step to further elucidate the 

mechanism of PFAS microbial transformation. Advances in next-generation sequencing and -

omics technologies, coupled with more powerful computational tools will allow for better 

prediction of how microbes participate in the biotransformation and defluorination, and how 

they can be harnessed potentially in serving as biomarkers to indicate PFAS fate in the 

environment and developing function-based microbial consortia for PFAS bioremediation at 

contaminated sites. 
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6 Evaluation of a Coupled Biological-Physicochemical Treatment Train Approach for 

Remediation of Mixed Per- and Polyfluoroalkyl Substances and Chlorinated 

Ethenes 

 

 

The work presented in this chapter is currently being prepared as a manuscript for submission 

to Water Research. The manuscript will include additional experiments that test another 

adsorptive material to supplement the findings. 

 

 

Abstract 

Remediation of contaminated sites where per- and polyfluoroalkyl substances (PFAS) and 

chlorinated solvents co-occur poses a significant challenge. However, there has been little focus 

on remediation methods that simultaneously address both types of contamination. To 

investigate whether a biological-physicochemical treatment can be more effective in 

remediating groundwater contaminated with a mixture of tetrachloroethene (PCE), 

trichloroethene (TCE), and perfluoroalkyl acids (PFAAs) than a single adsorptive system, two 

sets of laboratory-scale column experiments were conducted. One set consisted of a single 

adsorptive column, and the other comprised a coupled system with two sequential bioactive 

and adsorptive columns. The results showed that the coupled system had several advantages. 

Firstly, it achieved complete dechlorination of PCE and TCE to ethene. Secondly, it 

demonstrated potential for greater performance in adsorbing PFAAs within the same timeframe, 

particularly for longer chain PFAAs. These findings confirm that coupling biological and 

physicochemical systems in a sequential treatment train is a promising strategy for treating 

mixtures of PFAS and chlorinated ethenes. These results provide encouraging proof-of-concept 

data for the potential development and use of combined nano-biotechnology for in situ 

treatment of mixed PFAS and chlorinated solvent groundwater plumes.  
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6.1 Introduction 

Aqueous film-forming foams (AFFFs) are widely used in firefighting and training exercises 

to extinguish fires caused by hydrocarbon fuels, bulk chemicals, and solvents.14 Due to the 

persistence nature of per- and polyfluoroalkyl substances (PFAS), particularly fully-fluorinated 

perfluoroalkyl acids (PFAAs), the repeated usage of AFFFs has resulted in PFAS-contaminated 

soil and groundwater at many military sites.15, 32, 37 In addition, chlorinated solvents, such as 

tetrachloroethene (PCE) and trichloroethene (TCE), are often utilized for aircraft engine 

cleaning and as a flammable component in training exercises.14, 322 These common usages and 

accidental releases have resulted in contaminated soil and groundwater at military sites that 

often contain mixtures of chlorinated solvents and PFAS. Given the potential environmental 

and health risks associated with both PFAAs and chlorinated ethenes, the U.S. Environmental 

Protection Agency (USEPA) has established a maximum contaminant level (MCL) of 5 part 

per billion (ppb; Õg/L) for PCE and TCE, while interim drinking water health advisories of 

0.004 and 0.02 part per trillion (ppt; ng/L) have been set for PFOA and PFOS, respectively.70, 

323  

Remediating contaminated sites where PFAAs and chlorinated solvents co-occur is a 

significant challenge, yet there has been little focus on remediation methods that address both 

types of contamination simultaneously.324 This challenge is particularly evident in the 

remediation of contaminated groundwater plumes, as traditional treatment methods for one 

contaminant may not be effective for the other. For instance, bioremediation is commonly used 

to treat chlorinated solvents like PCE and TCE,325 but PFAAs are highly resistant to 

conventional biological treatment methods. 

Coupling biological and physicochemical remediation methods has shown promise for 

treating mixed-contaminant plumes. This approach integrates biological processes such as 

bioaugmentation and biostimulation followed by physicochemical processes like adsorption 
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and chemical oxidation or vice versa, which serves as a polishing step. For example, the 

synergistic approach of coupling electrochemical oxidation with aerobic biodegradation was 

shown to be effective in treating mixed 1,4-dioxane and chlorinated solvent contamination.326 

Another study successfully applied a sequential use of nanoscale zerovalent iron (nZVI) 

particles and in situ biotic reduction supported by whey injection for the removal of Cr(VI) and 

chlorinated ethenes from groundwater at a contaminated site.327 In addition, the simultaneous 

removal of TCE and arsenic (As) from co-contaminated groundwater was achieved by adding 

biochar to a biodechlorination system.328 The use of coupled systems can improve overall 

remediation efficiency and decrease the risk of toxic intermediates produced during the 

degradation of contaminants. 

The aim of this study is to evaluate the effectiveness of a biological-physicochemical 

treatment train using for the remediation of mixed PCE/TCE and PFAS-contaminated 

groundwater, and to understand the potential synergies associated with these combined 

remedies. Specifically, the biological treatment part employs KB-1È (SiREM; Guelph, ON), a 

commonly used, methanogenic, PCE-to-ethene dechlorinating consortium, primarily 

consisting of Acetobacterium sp., Geobacter sp., and multiple Dehalococcoides strains.329 The 

physicochemical treatment part involves the use of polyethylenimine (PEI)-coated iron oxide 

nanoparticles (IONPs) as an engineered adsorptive material, developed by Dr. John Fortner's 

Lab at Yale University. These iron oxide materials are low-cost and stable over a range of 

groundwater conditions, and their positively charged amine functionality and hydrophobic sites 

on the PEI encapsulation can improve PFAS adsorption (unpublished data). The hypothesis is 

that coupling the biological and physicochemical systems as a sequential treatment train can 

be a more effective strategy for treating mixtures of PFAS and chlorinated ethenes under 

conditions representative of dynamic groundwater flow than a single adsorptive system. 

To test the hypothesis described above, two laboratory-scale column experiments were 
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conducted. The first experiment consisted of a single adsorptive column packed with IONP 

coated sand. The second experiment was a coupled system consisting of two sequential 

columns. In the coupled system, the bioactive column was bioaugmented with KB-1È inoculum 

(SiREM; Guelph, ON), a commercial bacterial consortium to perform the biodegradation of 

PCE and TCE. The effluent from the bioactive column was then treated in the downgradient 

column, which was identical to the single adsorptive column used in the first experiment. 

6.2 Materials and methods 

6.2.1 Chemicals and materials 

The PFAAs targeted in liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

analysis were obtained from VWR (Radnor, PA) including nonafluorobutane-1-sulfonic acid 

(PFBS) 97%, heptafluorobutrycic acid (PFBA) 98%, perfluoropentanoic acid (PFPeA) 97%, 

tridecafluorohexane-1-sulfonic acid potassium salt (PFHxS) >98%, undecafluorohexanoic acid 

(PFHxA) >97%, perfluoroheptanoic acid (PFHpA) 99%, heptadecafluorooctanesulfonic acid 

potassium salt (PFOS) 95%, perfluorooctanoic acid (PFOA) 95%, perfluorononanoic acid 

(PFNA) 97%, and perfluorodecanoic acid (PFDA) 98%. Analytical standards (>99% purity) 

containing these PFAAs were purchased from Wellington Laboratories (Kansas City, MO) for 

use as calibration standards. A mixture of these 10 PFAAs with a total concentration at about 

1.8 mg/L were prepared at concentration ratios approximating those used in a previous 

microcosm study to investigate the impact of PFAAs on microbial reductive decholorination 

(Table 6-1). Sodium bromide (certified ACS grade) was purchased from VWR (Radnor, PA). 

Methanol was HPLC grade or higher, and other chemicals were at least reagent grade. 

Ultrapure water (18.2 MÝĿcm) from Elga LabWater Purelab Ultra system was used for all 

purposes. 

Federal Fine Ottawa sand (FF sand; 30-140 mesh) was selected as a solid phase for this 

study to represent a high permeability, low adsorption capacity aquifer material. It was 
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purchased from U.S. Silica Company (Berkeley Spring, WV) with an organic carbon (OC) 

content of < 0.1 mg/g, a mean grain size of 0.32 mm, and an intrinsic permeability of 4.2 Ĭ 10-

11 m2. The porous media used in adsorptive columns were prepared by mixing IONPs solution 

(398.7 mg/L Fe measured on inductively coupled plasma-optical emission spectrometry (ICP-

OES)) with FF sand (1:10 v/w) followed by 48-hour oven dry. Preparation of IONPs is 

described in Appendix-Section D1. 

Table 6-1 Composition of PFAA mixture (% total PFAAs by mass) measured in this study 

and previous microcosm study330  

PFAA 
In the influent introduced into 

columns in this study 

In the initial aqueous phase 

previous microcosm study  

PFBS 5.94% 4.42% 

PFBA 8.53% 10.3% 

PFPeA 14.2% 18.2% 

PFHxS 16.9% 14.0% 

PFHxA 18.0% 18.8% 

PFHpA 8.00% 6.16% 

PFOS 12.2% 15.1% 

PFOA 7.78% 8.57% 

PFNA 3.75% 3.24% 

PFDA 4.90% 1.08% 

 

6.2.2 Column experiment configuration and preparation 

Two sets of column experiments were conducted according to the configuration illustrated 

in Figure 6-1. The first column set includes a single adsorptive column, while the second set 

consists of a bioactive column followed by an adsorptive column (prepared in duplicate). 

Borosilicate glass columns Kimble-Chase, Vineland, NJ) with dimensions of 2.5 cm inner 

diameter (ID) x 10 cm length and 2.5 cm ID x 15 cm length were used to pack the adsorptive 

columns and bioactive columns, respectively. All column components were either autoclaved 

(121 oC, 30 min) or washed in 70% ethanol prior to use. The adsorptive columns were packed 

with the adsorptive material, while the bioactive columns were packed with FF sand, all 

following the same procedure by alternating the addition of 1-cm porous media with vortex 

and manual compression. 
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Figure 6-1 Schematic diagrams of column experimental set-up (a) single adsorptive column 

and (b) coupled bioactive and adsorptive columns. 

  

After packing with porous media, the columns were flushed with CO2 gas for 30 min to 

facilitate dissolution of entrapped gas, and then saturated with 10 pore volumes (PV) of sterile 

background solution (see Section 6.2.3) in an up-flow mode at a flow rate of 1.0 mL/min. Non-

reactive tracer tests were performed by injecting 3 PVs of 20 mM sodium bromide followed 

by 2 PVs of the background solution prior to injection of background solution with PCE/TCE 

and PFAS mixture. The bromide breakthrough curves were simulated using the mathematical 

model Code for Estimating Equilibrium Transport Parameters from Miscible Displacement 

Experiments (CFITM) as a part of Studio of Analytical Models (STANMOD) Version 2.2 

(available through USDA-ARS U.S. Salinity Laboratory; http://www.ars.usda.gov) to 

determine porosity (n) and aqueous pore volume (PV). 

After the tracer tests, the bioactive columns were inoculated with 5 mL of KB-1È inoculum 

(SiREM; Guelph, ON) into the influent, effluent, and each of the three sampling ports using 5 

mL polypropylene syringes (BD; Franklin Lakes, NJ) for a total inoculum volume of 25 mL. 

Following inoculation, the columns were sealed and kept without flow for 48 hours to facilitate 

attachment of microbial cells to the porous media. 
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6.2.3 Background solution and influent solution preparation 

The background solution used in this experiment was prepared in 800 mL bactches in 

1,000-mL PYREXTM media bottles (Chemglass; Vineland, NJ) according to a recipe 

previously described,188 with modifications made to reduce the overall ionic strength, consisten 

with prior microcosm experiments.330 Specifically, the ionic strength was reduced to 

approximately 15.0 mM through several measures, including lowering the concentration of the 

100x salts solution to 12.5% of the original recipe, decreasing the sodium bicarbonate buffer 

from 30 mM to 10 mM, and halving the concentrations of trace element solution, Se/Wo 

solution, L-cysteine, and sodium sulfide. Additionally, 5 mM sodium lactate was added as the 

electron donor and carbon source to support the growth of dechlorinating microbes. The 

influent solution, which was injected into the columns, also contained a mixture of PCE, TCE, 

and 10 PFAAs with targeted concentrations specified in Table 6-2. Neat PCE (150 ɛL) and 

TCE (120 ɛL) were added to one bottle containing 800 mL background solution to serve as a 

PCE/TCE saturated stock solution, while certain amount of 10 PFAAs were weighed and added 

to another background solution bottle to serve as a PFAAs stock solution. Both bottles were 

sealed with a rubber stopper and sterilized in an autoclave at 121 oC for 30 min. The 

concentration of the PCE/TCE stock was measured by gas chromatography (GC) (see Section 

6.2.5) periodically. The column influent solution was prepared by withdrawing appropriate 

volumes of the background solution, PCE/TCE and PFAAs stock into a sterile 50- or 100-mL 

gas-tight Chemyx stainless steel syringes (Stafford, TX) using a Chemyx Fusion 4000-X 

syringe pump (Stafford, TX). The actual concentrations of each analyte varied slightly between 

batches but were not significantly different. 
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Table 6-2 Targeted concentrations of PCE, TCE, and 10 PFAAs in the influent solution 

introduced into columns. 

Compound Targeted concentrationa  Targeted concentrationb  

PCE 10 0.06 

TCE 15 0.11 

PFBS 100 0.33 

PFBA 150 0.70 

PFPeA 250 0.95 

PFHxS 300 0.75 

PFHxA 300 0.96 

PFHpA 150 0.41 

PFOS 250 0.50 

PFOA 150 0.36 

PFNA 70 0.15 

PFDA 80 0.16 
a. The units for PCE/TCE and PFAAs are mg/L and ɛg/L, respectively. 

b. The units for PCE/TCE and PFAAs are mM and ɛM, respectively. 

 

6.2.4 Column operation and sampling 

The single adsorptive column experiment was conducted in a continuous injection mode 

by injecting the influent solution at a flow rate of 0.015 mL/min (pore-water velocity å 9.80 

cm /day) for approximately 42 PVs to a single adsorptive column. To established stable 

concentrations of PFAAs and degradation products from PCE/TCE in the effluent of the 

bioactive columns in the coupled system, the influent solution was introduced to two bioactive 

columns in parallel at a flow rate of 0.01 mL/min (pore-water velocity å 7.0 cm /day) for 60 

PVs (data not shown). Then, two adsorptive columns, identical to the single adsorptive column, 

were connected to each of the bioactive columns to initiate the coupled column experiment 

(considered PV = 0). These coupled columns were continuously operated for approximately 21 

and 32 PVs for the bioactive columns and adsorptive columns, respectively, given the different 

PV for each column. In both experiments, the influent solution was delivered via a Chemyx 

Fusion 4000-X syringe pump (Stafford, TX) and influent syringes were refilled periodically. 

Influent and effluent from both single adsorptive column and coupled columns, as well as 

the middle point sample in coupled systems, were collected periodically using syringes through 
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3-way valves at certain locations. To prevent volatilization of the analytes and minimize 

disruption in flow, a 1-mL polypropylene syringes (BD; Franklin Lakes, NJ) was connected to 

a Hamilton HV valve (Reno, NV), and used to withdraw the aqueous phase from a 10-mL 

customized glass sampling bulb at each sampling time point and location (influent, middle 

point, and effluent). 

Sample aliquots of 1.0 mL were immediately transferred into 20-mL headspace 

autosampler vials and capped with rubber septa. These samples were then analyzed for 

chlorinated ethenes, including PCE/TCE and their biotransformation products cis-1,2-

dichloroethene (cis-DCE) and vinyl chloride (VC) as well as ethene, by gas chromatography 

with flame ionization detection (GC-FID) using the method described in Section 6.2.5. 

Additionally, 65 ɛL of each sample was promptly diluted with 1,235 ɛL of methanol and stored 

at -20 oC before undergoing further dilution and treatment for targeted PFAS analysis. 

6.2.5 Analytical methods 

Samples for chlorinated ethene and ethene analysis were immediately analyzed after 

collection. Samples were introduced to the GC by a Telemark HT3 headspace autosampler 

(Teledyne Technologies; Thousand Oaks, CA) using a constant heating program. Chlorinated 

ethene and ethene concentrations were measured using an Agilent 8890A GC system with a 

DB-625 column and an FID (Agilent Technologies; Santa Clara, CA) as described 

previously.331, 332 

Samples for targeted PFAS analysis were filtered through 0.45Õm WhatmanÊ Glass 

Microfiber (GMF) syringe filters and prepared with appropriate PFAA concentration ranges in 

0.1% acetic acid and 50% methanol prior to the analysis. PFAA quantification was achieved 

using a Waters ACQUITY ultra high-performance liquid chromatograph equipped with a 

Waters ACQUITY UPLC BEH C18 Column (130¡, 1.7 Õm, 2.1 mm x 50 mm) and coupled 

with a Waters Xevo triple quadrupole mass spectrometry (LC-MS/MS) (Waters Corporation, 
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Milford, MA). The mass spectrometry was operated in negative electrospray ionization (ESI-) 

and multiple reaction monitoring (MRM) modes. Details on the solvent gradient and 

instrumental parameters are identical to the method used in Chapter 3 and provided Appendix-

Section A4&A5, Table A-1&A-2.  

6.3 Results and discussion 

Two sets of column experiments were completed in this study, including a single adsorptive 

column (one stand-alone column), and two coupled bioactive and adsorptive column systems 

(two sequential columns in duplicate). The operating parameters and some properties of the 

columns and porous media used in the two sets of experiments are summarized in Table 6-3. 
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Table 6-3 Column operating conditions, and some parameters of the column(s) and porous media in single adsorptive column 

experiment and coupled columns experiment. 

 
Adsorptive column in single 

column experiment (n = 1) 

Bioactive columns in coupled 

column experiment (n = 2) 

Adsorptive columns in coupled 

column experiment (n = 2) 

Flow rate (mL/min) 0.015 0.01 0.01 

Pore-water velocity (cm/day) 9.80 6.95 Ñ 0.10 6.59 Ñ 0.14 

Residence time (day) 1.02 2.16 Ñ 0.03 1.52 Ñ 0.03 

Column length (cm) 10 15 10 

Porous media dry mass (g) 91.75 129.88 Ñ 1.44 91.71 Ñ 0.05 

Porosity 0.45 0.42 Ñ 0.01 0.45 Ñ 0.01 

PV (mL) 22.04 31.09 Ñ 0.43 21.87 Ñ 0.47 

Packed IONPs mass (mg) 5.05 N/A 5.05 Ñ 0.00 
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6.3.1 Single adsorptive column experiment 

6.3.1.1 Profiles of chlorinated ethenes 

During the approximately 42 PVs of influent injection in the column study, the 

concentrations of PCE and TCE remained constant, with average values of 0.05 Ñ 0.00 mM 

and 0.11 Ñ 0.01 mM, respectively (Figure 6-2a). As shown in Figure 6-2b, PCE and TCE were 

first detected at 4 PV and 2 PV, respectively. The effluent concentrations of PCE and TCE 

gradually increased and reached a steady state of 0.03 mM at 13 PV and 0.09 mM at 10 PV, 

respectively (Figure 6-2b). Unexpected microbial degradation resulted in the production of 

cis-DCE after 19 PV. To inhibit microbial activity, 1 g/L sodium azide was added to the influent 

solution after 25 PV. After 28 PV, the concentrations of PCE and TCE returned to the steady-

state concentrations, and no more cis-DCE was detected. The breakthrough curves of PCE/TCE 

in the single adsorptive column experiment are illustrated in Figure 6-2c. Breakthrough of TCE 

occurred earlier than that of PCE, suggesting that PCE has a higher relative affinity for INOPs 

than TCE. 
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Figure 6-2 Concentrations of PCE/TCE and cis-DCE in the (a) influent and (b) effluent of 

the adsorptive column, and (c) breakthrough curves of PCE and TCE, during an injection of 

influent solution containing a mixture of PFAAs and PCE/TCE for ~42 PVs in the single 

adsorptive column experiment. Red dashed vertical line indicates adding of 1 g/L sodium 

azide into the influent solution to inhibit microbial activity. 

 

6.3.1.2 Profiles of PFAAs 

As shown in Figure 6-3a, the concentrations of 10 PFAAs in the influent solution remained 

relatively constant throughout the entire experimental period. Specifically, the concentrations 

of PFBS, PFHxS, PFOS, PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, and PFDA in the 

influent were 112.3 Ñ 8.0 ɛg/L, 320.7 Ñ 17.7 ɛg/L, 248.1 Ñ 9.7 ɛg/L, 160.6 Ñ 12.1 ɛg/L, 260.9 

Ñ 17.9 ɛg/L, 338.1 Ñ 21.6 ɛg/L, 150.4 Ñ 8.3 ɛg/L, 150.5 Ñ 6.1 ɛg/L, 68.9 Ñ 1.9 ɛg/L, and 91.2 

Ñ 2.7 ɛg/L, respectively. In the effluent, PFBA, PFPeA, and PFHxA were detected first at 1.1 

PV, while PFHpA, PFOA, and PFBS were detected first at 2.2 PV (Figure 6-3b). In contrast, 

PFHxS and PFNA were initially detected at 4.3 PV and 6.5 PV, respectively (Figure 6-3b). The 

breakthrough of both PFDA and PFOS occurred later at 18.4 PV. 
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After the initial breakthrough, the concentration of each PFAA increased gradually and 

reached a plateau after a certain PV (Figure 6-3b). For example, PFBS and all PFCAs in the 

effluent, except for the two with longest carbon chains, reached stable concentrations after 

14.0-18.4 PV (100.9 Ñ 8.7 ɛg/L for PFBS, 158.7 Ñ 18.9 ɛg/L for PFBA, 261.1 Ñ 17.7 ɛg/L for 

PFPeA, 340.5 Ñ 21.4 ɛg/L for PFHxA, 155.0 Ñ 10.7 ɛg/L for PFHpA, and 153.6 Ñ 11.5 ɛg/L 

for PFOA) (Figure 6-3b). The concentrations of PFHxS and PFNA in the effluent reached a 

stable level after 18.4 PV (331.8 Ñ 25.4 ɛg/L) and 21.6 PV (73.4 Ñ 5.6 ɛg/L), respectively 

(Figure 6-3b).  

To depict the adsorption of PFAAs more accurately in the single adsorptive column 

experiment, breakthrough curves (C/C0 over PV) of these 10 PFFAAs are presented in Figure 

6-3c. The effluent concentrations of PFBS, PFHxS, and all PFCAs except for PFDA with 

longest carbon chains in this experiment, increased slowly to applied concentrations (C/C0 = 1) 

after 14-22 PV. The relative concentrations of PFDA and PFOS, the last two species to appear 

in the column effluent gradually increased to C/C0 Ó 1 till 28.1 PV and 40.0 PV, respectively 

(Figure 6-3c). The order of breakthrough for the 10 PFAAs was consistent with unpublished 

multi-solute column data from our collaborators at Brown University and their prior studies on 

other adsorptive materials,73, 333 indicating an adsorption preference of PFOS > PFDA > PFNA > 

PFHxS > PFOA/PFHpA/PFBS > PFHxA/PFPeA/PFBA. In comparison to a series of single-

solute adsorption experiments (based on unpublished data from our collaborators at Brown 

University, using the same adsorptive material), the breakthrough of some PFAAs, such as 

PFOA and PFOS, occurred earlier in this study, indicating the impact of competitive adsorption. 
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Figure 6-3 Concentrations of 10 PFAAs in the (a) influent and (b) effluent of the adsorptive 

column, and (c) breakthrough curves of 10 PFAAs, during an injection of influent solution 

containing a mixture of PFAAs and PCE/TCE for ~42 PVs in the single adsorptive column 

experiment. 

 

6.3.2 Coupled bioactive and adsorptive columns experiment 

6.3.2.1 Profiles of chlorinated ethenes 

During the operation of the coupled columns, the concentrations of PCE and TCE in the 

influent remained relatively stable, with an average of 0.05 Ñ 0.00 mM and 0.11 Ñ 0.01 mM, 

respectively (Figure 6-4a). Upon flowing through the bioactive columns, PCE and TCE were 

primarily transformed to ethene (0.12 Ñ 0.02 mM), with lower levers of VC and cis-DCE 

detected at a few sampling points (e.g., 0.01 mM of cis-DCE at 3.7, 4.6, 7.4, 11.1, and 14.8 

PVs; 0.03 and 0.02 mM of VC at 4.6 and 11.1 PVs) (Figure 6-4b). No inhibition of 

dechlorination was observed in the presence of PFAAs under studied conditions.  

As the adsorptive columns followed the bioactive columns, the effluent of the bioactive 

columns essentially became the influent for the adsorptive columns, as shown in Figure 6-4c 

and 4d. In the adsorptive columns, no cis-DCE was detected, and only small amounts of VC 
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were detected at 8.6 PV (Figure 6-4d). The concentration of ethene in the effluent followed a 

similar trend as that in the influent entering the adsorptive columns, but was slightly lower 

(0.09 Ñ 0.02 mM) compared to the influent (0.12 Ñ 0.02), possibly due to adsorption. The 

breakthrough curve of ethene in the adsorptive columns in coupled column experiment is 

illustrated in Figure 6-4e. Ethene was initially detected in the effluent at 1.4 PV, and its relative 

concentration increased rapidly to the concentration in the influent entering the adsorptive 

columns (C/C0 = 1) after 8.6 PV.  
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Figure 6-4 Average concentrations of PCE/TCE and their dechlorinated transformation 

products (cis-DCE, VC, and ethene) in the (a) influent and (b) effluent of the bioactive columns 

(n = 2), and (c) influent and (d) effluent of the adsorptive columns (n = 2), and  (e) 

breakthrough curve of ethene in the adsorptive columns (n = 2), during an 21/32-PV injection 

of influent solution containing a mixture of PFAAs and PCE/TCE in coupled columns 

experiment. The measurements in (b) and (c) are essentially taken from the same samples, but 

the x-axis is adjusted to reflect different PVs for the bioactive columns and adsorptive columns. 

 

6.3.2.2 Profiles of PFAAs 

As illustrated in Figure 6-5a and Figure 6-5b, the concentrations of 10 PFAAs in the 

influent of the bioactive columns remained relatively stable and were similar to those in the 
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effluent of the bioactive columns during the operation of the coupled columns This could be 

attributed to the preliminary operation of the bioactive columns (60 PVs) before being 

connected to the adsorptive columns. The constant concentrations of the 10 PFAAs in the 

effluent of the bioactive columns entered the adsorptive columns as influent (Figure 6-5c). 

The adsorptive columns showed initial detection of PFBS, PFBA, PFPeA, PFHxA, and 

PFHpA at 1.4 PV, whereas PFOA, PFHxS, and PFNA were detected initially at 2.9 PV, 8.6 PV, 

and 15.8 PV, respectively (Figure 6-5d). In contrast, breakthroughs of PFOS and PFDA were 

not observed during the experimental period (32 PV) (Figure 6-5d). Following the initial 

breakthrough, there was a gradual increase in the concentration of each PFBS, PFBA, PFPeA, 

PFHxA, and PFHpA reached a plateau after 7.2-10 PV at 103.46 Ñ 9.1 ɛg/L, 149.9 Ñ 8.5 ɛg/L, 

236.1 Ñ 12.5 ɛg/L, 314.5 Ñ 15.3 ɛg/L, and 142.4 Ñ 11.0 ɛg/L respectively, while PFOA and 

PFHxS reached a relatively stable level after 11.5 PV at 154.7 Ñ 11.0 ɛg/L and after 14.4 PV at 

335.7 Ñ 23.6 ɛg/L, respectively (Figure 6-5d). PFNA became relatively stable after 24.5 PV at 

80.0 Ñ 11.9 ɛg/L (Figure 6-5d). 

The breakthrough curves of 10 PFAAs in the adsorptive columns in the coupled columns 

experiment are shown in Figure 6-5e. Breakthroughs of all 20 PFAAs except for PFOS and 

PFDA were observed during the experiment and their relative concentrations gradually 

increased to the concentrations in the influent (C/C0 = 1) before 24.5 PV. The concentrations 

of PFOS and PFDA were not over the detection limit throughout the injection period (32 PVs). 

The order of breakthrough for the 10 PFAAs was consistent with the single adsorptive column, 

indicating that PFDA and PFOS had the highest adsorption preference followed by PFNA, 

PFHxS, PFOA, PFHpA/PFBS, and then PFHxA/PFPeA/PFBA. 
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Figure 6-5 Average concentrations of 10 PFAAs in the (a) influent and (b) effluent of the 

bioactive columns (n = 2), (c) influent and (d) effluent of the adsorptive columns (n = 2), and 

(e) breakthrough curves of 10 PFAAs in the adsorptive columns (n = 2), during an 21/32-PV 

injection of influent solution containing a mixture of PFAAs and PCE/TCE in coupled columns 

experiment. Standard deviations are not shown to make the figures clean. The measurements 

in (b) and (c) are essentially taken from the same samples, but the x-axis is adjusted to reflect 

different PVs for the bioactive columns and adsorptive columns. 

 

6.3.3 Comparison of removal of chlorinated ethenes and PFAAs in the single adsorptive 

column and coupled columns experiments 

In both the single adsorptive column experiment and the coupled columns experiment, trace 

amounts of perfluoropentanesulfonic acid (PFPeS) and perfluoroheptanesulfonic acid (PFHpS) 

were detected in addition to the 10 PFAAs. These small amounts of PFPeS and PFHpS could 
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be attributed to impurities from the 10 PFAAs, and they also contributed to some degree of 

adsorption. Table 6-4 provides a summary of adsorption capacities of PFAAs, chlorinated 

ethenes, and ethene in these two experiments. It is difficult to calculate the adsorption 

contribution of the small amounts of cis-DCE and VC generated in the coupled column 

experiment and the unexpected cis-DCE formed in the single adsorptive column, which 

therefore are not included in Table 6-4. 

As shown in Table 6-4, the single adsorptive column retained 2.61 mg PCE and 2.19 mg 

TCE, which accounted for 48.2% and 23.7% of the injected PCE and TCE, respectively, at the 

end of the experiment. In contrast, the effluent entering the adsorptive columns in the coupled 

columns experiment primarily contained ethene, which indicates the upstream bioactive 

columns effectively removed 100% of the PCE and TCE in the influent. Additionally, the 

adsorptive columns in the coupled were able to retain 21.8% of the ethene that entered the 

columns, corresponding to a total mass of 0.42 mg after approximately 32-PV of injection.  

At the end of the single adsorptive column experiment (42.1 PV), the IONPs treated sand 

retained the following amounts of PFAAs: PFBS (8.7 ɛg), PFHxS (65.9 ɛg), PFOS (149.5 ɛg), 

PFBA (18.5 ɛg), PFPeA (25.2 ɛg), PFHxA (65.9 ɛg), PFHpA (22.5 ɛg), PFOA (28.3 ɛg), PFNA 

(14.5 ɛg), and PFDA (38.6 ɛg). After approximately 32-PV of injection in the coupled columns 

experiment, the IONPs treated sand retained the subsequent amounts of PFAAs: PFBS (7.2 ɛg), 

PFHxS (54.5 ɛg), PFOS (142.3 ɛg), PFBA (4.3 ɛg), PFPeA (12.8 ɛg), PFHxA (11.4 ɛg), 

PFHpA (7.7 ɛg), PFOA (19.3 ɛg), PFNA (29.6 ɛg), and PFDA (49.3 ɛg). The adsorption 

capacity of the single adsorptive column of the single adsorptive column experiment of 42.1-

PV injection, and the adsorptive columns in the coupled columns experiment within 32-PV 

injection for PCE, TCE, and 10 PFAAs are calculated (Table 6-4). Despite the single adsorptive 

column retaining a higher total mass of PFAAs than the adsorptive columns in the coupled 

columns system (405.8 ɛg vs 349.6 ɛg), the fact that PFOS and PFDA did not breakthrough in 
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the coupled columns experiment suggests that it would retain more PFOS and PFDA when 

both breakthrough. 

After running the single adsorptive column experiment (42.1 PV), the retained amounts of 

PFAAs compared to the total amounts injected were: PFBS (9.9%), PFHxS (23.1%), PFOS 

(71.8%), PFBA (13.4%), PFPeA (11.2%), PFHxA (11.8%), PFHpA (17.0%), PFOA (20.7%), 

PFNA (23.4%), and PFDA (47.2%). In contrast, the average retained amounts of PFAAs were 

presented as percentages of the total amounts that entered the adsorptive columns: PFBS 

(10.3%), PFHxS (26.8%), PFOS (99.0%), PFBA (4.2%), PFPeA (7.7%), PFHxA (5.3%), 

PFHpA (8.0%), PFOA (19.5%), PFNA (65.7%), and PFDA (99.5%). Consistent with data 

reported in the literature, the present study found that perfluoroalkane sulfonic acids (PFSAs) 

had a higher adsorption rate than perfluoroalkyl carboxylic acids (PFCAs) with the same 

perfluorinated carbon chain length.197, 334, 335 This could be attributed to the highly polar 

sulfonic acid group (-SO3H) present in PFSAs, which can form strong electrostatic interactions 

with positively charged surfaces, as opposed to the carboxylic acid group (-COOH) found in 

PFCAs. The results also indicated that the single adsorptive column exhibited superior removal 

of PFBA, PFPeA, PFHxA, and PFHpA, while the coupled columns were more effective in 

removing PFOS, PFNA, and PFDA. One possible explanation for this difference is that the 

presence of PCE and TCE in the single adsorptive column competed with the longer-chain 

PFAAs, whereas the existence of ethene in the coupled columns system might hinder the 

adsorption of the shorter-chain PFAAs, suggesting the competitive adsorption between the 

chlorinated ethenes/ethene and PFAAs. 
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Table 6-4 The mass of PCE/TCE and PFAAs retained in the adsorptive column(s) and the adsorptive capacity for each analyte of the 

adsorptive column(s) as well as the overall removal% in the single adsorptive column experiment and the coupled columns 

experiment. 

 Single adsorptive column experiment 
 

Coupled columns experiment 

 
Retained 

massa 

Adsorption 

capacityb 

Overall 

removal% 

 Retained 

massa 

Adsorption 

capacityb 

Overall 

removal% 

PCE 2.6 473..9 48.2%  - - 100% 

TCE 2.2 397.6 23.7%  - - 100% 

PFBS 8.7 1.6 9.9%  7.2 1.3 10.3% 

PFBA 18.5 3.4 13.4%  4.3 1.6 4.2% 

PFPeA 25.2 4.6 11.2%  12.8 2.3 7.7% 

PFHxS 65.9 12.0 23.1%  54.5 11.3 26.8% 

PFHxA 34.1 6.2 11.8%  11.4 3.8 5.3% 

PFHpA 22.5 4.1 17.0%  7.7 2.2 8.0% 

PFOS 149.5 27.1 71.8%  142.3 >23.4 99.0% 

PFOA 28.3 5.1 20.7%  19.3 4.4 19.5% 

PFNA 14.5 2.6 23.4%  29.6 5 65.7% 

PFDA 38.6 7.0 47.2%  49.3 >8.2 99.5% 

a. For PCE and TCE, the unit is mg; for PFAAs is ɛg. 

b. The unit is mg/g PEI coated IONPs. 
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6.4 Conclusions 

During the single adsorptive column experiment (42-PV operation), 48.2% and 23.7% of 

the injected PCE and TCE were removed, respectively. In addition, between 9.9% and 23.4% 

of PFBS, PFHxS, PFBA, PFPeA, PFHxA, PFHpA, PFOA, and PFNA were removed. PFDA 

and PFOS exhibited removal rates of 47.2% and 71.8%, respectively. Conversely, at the 

conclusion of the coupled column experiment (32-PV operation of the downgradient adsorptive 

columns), all PCE and TCE were transformed to non-toxic ethene. Furthermore, between 4.2% 

and 26.8% of PFBS, PFHxS, PFBA, PFPeA, PFHxA, PFHpA, and PFOA were removed, along 

with 65.7% of PFNA. Within the 32 PV injection timeframe, almost all PFOS and PFDA 

entered the adsorptive columns in the coupled column systems were removed from the influent. 

The bioremediation of PCE and TCE in the bioactive columns allowed the downgradient 

adsorptive columns to possibly retain more PFAAs and potentially increase the life span of an 

in situ adsorptive technology, e.g., a permeable sorptive barrier. Overall, the coupled system 

showed the advantage of complete dechlorination of PCE and TCE to ethene and potential 

greater performance in adsorption of PFAAs within the same timeframe, making it a promising 

option for treating co-occurring PFAAs and chlorinated ethenes. 

The results of this study are consistent with previous literature reports that suggest PFSA 

exhibits higher adsorption than PFCA of the same C-F chain length. Additionally, longer chain 

PFAAs were found to have greater adsorption than shorter chain PFAAs. These findings 

suggest that both electrostatic interactions and hydrophobicity play a role in PFAS adsorption 

by PEI coated IONPs. Notably, this study observed competitive adsorption between chlorinated 

ethenes and PFAAs, highlighting the importance of site-specific information in evaluating the 

adsorption capacity for mixed PFAS and chlorinated ethenes groundwater plumes. 

The study advanced our understanding of the synergistic benefits associated with sequential 

treatment of complex groundwater contamination scenarios involving mixtures of PFAS and 
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chlorinated ethenes, which will be useful to site managers, regulators, and environmental 

engineers dealing with recalcitrant compounds co-mingled with chlorinated ethenes. 

Nonetheless, further research is needed to address the limitations of this study, such as the long-

term fate and transport of nanoparticles, effects of natural organic matter and other co-

contaminants, the impacts of solution conditions like pH and ionic species on adsorption 

capacity, and the long-term impacts on the local biogeochemical conditions. 
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7 Summary 

 

 

This dissertation aims to study the biotransformation of representative PFAA precursors 

derived from AFFF in AFFF-impacted soils and explore the roles of naturally occurring soil 

microorganisms in response to these PFAS and their potential biotransformation products in 

the presence of prevalent electron acceptors in the environment. It also aims to evaluate the 

effectiveness of a single physicochemical system and a coupled biological and 

physicochemical system for the treatment of mixtures of PFAAs and chlorinated ethenes as co-

contaminants under a dynamic groundwater flow condition. The key findings of this work, 

outcomes from this dissertation and associated work, and recommendations for future research 

are summarized. 

7.1 Key findings 

7.1.1 Aerobic biotransformation of 8:2 FTOH in AFFF-impacted soils 

¶ 8:2 FTOH can be transformed rapidly by indigenous microbial communities from 

AFFF-impacted surface soils under aerobic conditions. More than 90mol% of initially 

spiked 8:2 FTOH was removed within 90-day incubation.  

¶ Previously documented 8:2 FTOH biotransformation products, including 

polyfluorinated substances, like 8:2 FTCA, 8:2 FTUA, 7:2 sFTOH, and 7:3 acid, as 

well as perfluorinated compounds like PFOA were identified as biotransformation 

products in this study. 

¶ Although rarely documented, 7:3U amide, 3-OH-7:3 acid, and 6:3 acid were also 

identified as biotransformation products in this study. Perfluoroalkane-like compounds, 

including 1H perfluoroheptane, 1H perfluorohexane, and perfluoroheptanal were 

identified as novel transformation products that have not been previously reported.  
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¶ Microorganisms in phylum Proteobacteria, such as 

genera Afipia and Sphingomonas may be more tolerant of high 8:2 FTOH 

concentrations and may be involved as potential degraders.  

7.1.2 Transformation of ECF-based PFAS in AFFF-impacted soil 

¶ Sixteen classes of PFAS in a historically used 3M AFFF formulation were identified 

in this study.  

¶ Multiple classes of ECF-based precursors and a wider range of homologues compared 

to previous studies (e.g., C4-C8 AmPr-FASA) were demonstrated to be transformed 

under biotic and/or abiotic conditions.  

¶ For the first time, biotransformation of AmPr-FASA-PrA/TAmPr-FASA-AA and 

CEt-AmPr-FAAd has been evidenced, while CEt-AmPr-FASA-PrA was found to be 

persistent during the 308-day incubation.  

¶ Functional groups (e.g., sulfonamide group, methyl group, and carboxyalkyl group) in 

the nonfluorinated moiety and the carbon chain length of the perfluorinated moiety 

influenced the stability of ECF-based precursors.  

7.1.3 Potential microbial taxa in soil microbial communities and functional genes related to 

fluorotelomer biotransformation 

¶ Soil microbial communities tended to form specific modular structures after exposure 

to fluorotelomers.  

¶ Genera Variovorax, Rhodococcus, and Cupriavidus, were found to be potential 

keystone taxa during fluorotelomer biotransformation.  

¶ A wide range of genes, such as 6-oxocyclohex-1-ene-carbonyl-CoA hydrolase gene 

and cyclohexa-1,5-dienecarbonyl-CoA hydratase gene were predicted to be 

potentially associated with fluorotelomer biotransformation.  
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7.1.4 Evaluation of a coupled biological-physicochemical treatment train approach for 

remediation of mixed per- and polyfluoroalkyl substances and chlorinated ethenes 

¶ PCE exhibited a higher relative affinity for PEI-coated INOPs compared to TCE, 

likely attributed to the increased interaction between PCE and the adsorptive material 

through electrostatic interactions. 

¶ In mixtures of 10 PFAAs, the adsorption preference followed the rank of: PFOS > 

PFDA > PFNA > PFHxS > PFOA å PFBS å PFHpA > PFHxA å PFPeA å PFBA. 

This finding indicates that hydrophobic effect and electrostatic interactions contribute 

to adsorption for PFAAs by PEI coated IONPs. 

¶ There may be competition for adsorption of chlorinated ethenes and PFAAs to PEI 

coated IONPs. 

¶ Considering the need for completed dechlorination and potentially greater PFAS 

removal, the sequential treatment train that combines bioaugmentation and adsorption 

systems was demonstrated to be a more effective approach for treating mixtures of 

PFAS and chlorinated ethenes under the studied conditions compared to using an 

adsorption-only strategy. 
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7.2 Publications and presentations 

The findings from this dissertation and main research I have been involved in during my 

PhD study have been published in peer-reviewed journals or are currently in review or in 

preparation for submission. Some have also been presented in various platform and poster 

presentations. 

7.2.1 Publications 

· S. Dong, P-F. Yan, C. Liu, K.E. Manz, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and 

N.L. Cápiro. 2023. Assessing Aerobic Biotransformation of 8:2 Fluorotelomer Alcohol in 

Aqueous Film Forming Foam Impacted Soil: Pathways and Microbial Community 

Dynamics. Journal of Hazardous Materials 446, 130629. 

· P-F. Yan, S. Dong, C. Liu, K.E. Manz, M.J. Woodcock, L.M. Abriola, K.D. Pennell, and 

N.L. Cápiro. 2022. Biotransformation of 8:2 Fluorotelomer Alcohol in Soil from Aqueous 

Film-Forming Foams (AFFFs)-impacted Sites under Nitrate-, Sulfate-, and Iron-reducing 

Conditions. Environmental Science & Technology, 56 (19), 13728-13739. 

· S. Dong*, P-F. Yan*, K.E. Manz, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and N.L. 

Cápiro. Fate and Transformation of 16 Classes of Per- and Polyfluoroalkyl Substances in 

Aqueous Film-Forming Foam (AFFF)-amended Soil Microcosms. Manuscript in 

preparation for submission to Environmental Science & Technology. 

· S. Dong, P-F. Yan, M.P. Mezzari, L.M. Abriola, K.D. Pennell, and N.L. Cápiro. Using 

Network Analysis and Predictive Functional Analysis to Explore Fluorotelomer 

Biotransformation Potential of Soil Microbial Communities. Manuscript in preparation 

for submission to Environmental Science & Technology. 

· P-F. Yan, S. Dong, K.E. Manz, M.J. Woodcock, C. Liu, K.D. Pennell, L.M. Abriola, and 

N.L. Cápiro. Aerobic Biotransformation of 6:2 Fluorotelomer Sulfonate in Soils from Two 

Aqueous Film-Forming Foam (AFFF)-Impacted Sites. Manuscript under review in 

Environmental Science & Technology. 

· P-F. Yan*, S. Dong*, K.E. Manz, M.J. Woodcock, K.D. Pennell, L.M. Abriola, and N.L. 

Cápiro. Biotransformation of 6:2 fluorotelomer sulfonate and dynamics of microbial 

communities in one-dimensional flow-through columns. Manuscript in preparation for 

submission to Water Research. 

· S. Dong*, P-F. Yan*, M.J. Woodcock, K.D. Pennell, J.D. Fortner, and N.L. Cápiro. 

Remediation of mixed per- and polyfluoroalkyl substances and chlorinated ethenes using 

a coupled biological-physicochemical treatment train approach. Manuscript in 

preparation for submission to Water Research. 

· J. P. Hnatko, C. Liu, J. L. Elsey, S. Dong, J. D. Fortner, K.D. Pennell, L.M. Abriola, and 

N.L. Cápiro. Microbial reductive dechlorination is not inhibited by perfluoroalkyl acids 

(PFAAs) under environmentally relevant concentrations. Manuscript accepted in 

Environmental Science & Technology. 

* Contributed equally to the work. 
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7.2.2 Presentations 

· S. Dong, P-F. Yan, C. M.P. Mezzari, K.D. Pennell, N.L. Cápiro. Digging Up Microcosm 

Sample Sequencing Data: Fluorotelomer Biotransformation Potential of Soil 

Microorganisms. Graduate Engineering Research Showcase 2022. Auburn, AL, Oct 20, 

2022. (Poster) 

· S. Dong, P-F. Yan, C. M.P. Mezzari, L.M. Abriola, K.D. Pennell, N.L. Cápiro. Microcosm 

Sample Sequencing Data for Fluorotelomer Biotransformation by Soil Microorganisms. 

RemTEC Summit 2022. Westminster, CO, Oct 4-6, 2022. (Poster) 

· S. Dong, P-F. Yan, C. M.P. Mezzari, K.D. Pennell, N.L. Cápiro. Interplay between 8:2 

fluorotelomer alcohol (8:2 FTOH) biodegradation and the soil microbial community under 

nitrate-reducing conditions. Geosyntec 2022 Groundwater Student Paper Webinar, 

Virtual, Aug 16, 2022. (Oral) *Invited speaker as the winner of the 2022 Geosyntec 

Student Paper Competition 

· S. Dong, P-F. Yan, C. M.P. Mezzari, K.D. Pennell, N.L. Cápiro. Insights into removal of 

8:2 fluorotelomer alcohol in aerobic aqueous film forming foam-impacted soil: Microbial 

transformation pathways and microbial community dynamics. Auburn Research: Student 

Symposium 2022. Auburn, AL, Mar 28, 2022. (Oral) 

· S. Dong, P-F. Yan, C. Liu, K.E. Manz, M.J. Woodcock, M.P. Mezzari, K.D. Pennell, N.L. 

Capiro. Biotransformation of 8:2 FTOH in AFFF-impacted soils under different redox 

conditions. Graduate Engineering Research Showcase 2021. Auburn, AL, Oct 28, 2021. 
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7.3 Recommendations for future work 

The results detailed in Chapters 3-5 help to improve understanding of the transformation 

of different PFAS including FT- and ECF- based precursors in terms of the capability and 

extent of biotic/abiotic transformation under defined conditions. These results also provide 

insight into the structural relevant stability of PFAS and a starting point for screening microbes 

and functional genes engaged in PFAS biotransformation. Additionally, the results in Chapter 

6 confirms that the sequential treatment train of coupling biological and physicochemical 

systems is a more effective strategy for treating mixtures of PFAS and chlorinated ethenes 

under the studied conditions, compared to a single adsorptive system. Based on the findings 

described in this dissertation, future research directions are proposed. 

¶ Chapter 3 and 5 provided some microorganisms that may be able to transform PFAS. 

Future studies are needed to isolate individual bacterial strain(s) and/or develop 

enrichment culture, which can be used to better assess the function of those potential 

degrader(s) using more advanced -omics technologies and additional analyses, e.g., 

metatranscriptomics and quantitative PCR. The most essential step will be determining 

the functional gene(s) and enzymes that are responsible for defluorination and will 

eventually facilitate development of PFAS bioremediation technology. 

¶ PFAS stability related to chemical structures has been observed in Chapter 4. However, 

since AFFF, a PFAS mixture, instead of individual PFAS was used in the study as 

parent compound(s), making the transformation mechanisms complicated to be 

revealed. To better predict fate of different PFAS, including both legacy and emerging 

PFAS, further studies are needed to evaluate biotransformation of PFAS individuals 

with different chemical structures and develop quantitative structureïbiotransformation 

relationship models. These studies will help better predict the environmental fate of 

PFAS and be beneficial for management of the contaminated sites. 
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¶ The experiments described in Chapter 3-5, were all conducted in laboratory-scale batch 

reactors, which cannot reflect a real-world situation, e.g., in contaminated aquifer with 

dynamic water flows. Water flows can impact not only the contaminant distribution and 

migration but also microbial performance on degradation of contaminants. Therefore, 

it is of importance to investigate the biotransformation of PFAS in experimental 

systems incorporating water flow, e.g., one-dimensional (1-D) flow-through column 

experiments. These up-scale experiments will further advance our understanding of the 

environmental fate of PFAS. 

¶ While the effectiveness of the sequential treatment approach for the remediation of 

complex groundwater contamination scenarios involving mixtures of PFAS and 

chlorinated ethenes was demonstrated, further research is required to account for other 

factors in more realistic scenarios. These include the long-term stability and 

performance of nanoparticles, the impact of natural organic matter and other co-

contaminants, and the influence of solution conditions such as pH and ionic species on 

the adsorption capacity.
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Appendix A: Supplementary Information for Chapter 3 Aerobic Biotransformation of 

8:2 Fluorotelomer Alcohol in Aqueous Film-Forming Foam-Impacted Soils 

 

 

A1. Soil Properties 

The physicochemical properties of Robins AFB soil were characterized as follows: 

moisture content, 7.0%; organic matter, 0.6%; pH, 5.10; cation exchange capacity, 2.80 

cmol/kg; sand 77.50%, silt 5.60%, and clay 16.90 % (texture class categorized as sandy loam). 

The properties of Loring AFB soil were characterized: moisture content, 24.1%; organic matter, 

3.5%; pH, 5.23; cation exchange capacity, 18.74 cmol/kg; sand 53.13%, silt 32.69%, and clay 

14.20 % (texture class also categorized as sandy loam). 

A2. Determination of sodium azide concentration for abiotic controls 

Two concentrations (500 and 1,000 mg/L) of sodium azide were tested in microcosms to 

determine the concentration that could effectively inhibit microbial activity. The microcosms 

for this evaluation had a similar set-up to the abiotic controls in Robins biotransformation 

experiment (described in Section 3.2.2) except that no 8:2 FTOH was spiked. The total organic 

carbon (TOC) concentrations in the microcosms were monitored during a 147-day incubation. 

The profile of TOC is shown in Figure A-12. In contrast to the TOC decreasing after 69 days 

in the microcosms amended with 500 mg/L sodium azide, TOC was observed to be stable 

throughout the 147-day incubation in the microcosms amended with 1,000 mg/L sodium azide. 

A3. DNA yields of Robins and Loring AFB soils 

Typical DNA yields of soil collected from environmental samples varied over a wide range 

of magnitudes from ɛg/g to mg/g.336, 337 The DNA yield of Loring AFB soil was ~8 ɛg/g. 

However, the DNA yield of Robins AFB soil was too low to be measured (< 1 ng/g), as the 

eluted DNA could not be detected using an Invitrogen QubitÈ 2.0 Fluorometer (< 0.005 ng/ɛL). 
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Neither could it be amplified by regular PCR using universal primers 519F (5ô-

CAGCMGCCGCGGTAATWC-3ô) and 907R (5ô-CCGTCHATTCMTTTRAGTTT-3ô).338 

DNA extraction was attempted several times using various commonly used commercially 

available soil DNA extraction kits and optimized methods developed for low-biomass 

samples;337, 339 however, none yielded quantifiable DNA. Since the biomass content in Robins 

AFB soil was extremely low, biomass samples collected from the live controls on day 7 in 

Robins biotransformation experiment were used as the initial samples for comparison purpose 

(Section 3.2.2). As the DNA yield of Robins AFB soil was much less than typical natural soils, 

Loring AFB soil was chosen to be exposed to two different levels of 8:2 FTOH concentration 

to study the dose-response of soil microbial community (Section 3.2.3). 

A4. LC-MS/MS standards and reagents  

8:2 FTOH (CAS # 678-39-7, 97%) was obtained from MilliporeSigma (St. Louis, MO, 

USA). Polyfluorinated compounds standards, including 8:2 FTOH (>98%), 8:2 FTCA (CAS # 

27854-31-5, >98%), 8:2 FTUA (CAS # 70887-84-2, >98%), 7:2 sFTOH (CAS # 24015-83-

6, >98%), and 7:3 acid (CAS # 812-70-4, >98%), used in liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) analysis were purchased from Wellington Laboratories (Guelph, 

Ontario, CA). PFCAs, for use as LC-MS/MS standards were purchased from Waters 

Corporation (Milford, MA, USA). All solvents, including diethylene glycol monobutyl ether 

(DGBE) and methanol were liquid chromatography (LC) grade or higher, and other chemicals 

were at least reagent grade and purchased from MilliporeSigma (St. Louis, MO, USA). 

Ultrapure water (18.2 MÝĿcm) from an Elga LabWater Purelab Ultra system (Woodridge, IL, 

USA) was used for all purposes.  

A5. Targeted analysis by LC-MS/MS 

Targeted 8:2 FTOH and its potential biotransformation products analysis was performed 
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using Waters ACQUITY ultra high-performance liquid chromatograph coupled with a Waters 

Xevo triple quadrupole mass spectrometer (UPLC-MS/MS) (Waters Corporation, Milford, 

MA). A previously reported method340 with modification by removal of ammonium acetate in 

mobile phase was used for targeted analysis of 8:2 FTOH and its potential polyfluorinated 

transformation products, as FTOHs and ammonium acetate can form acetate adducts under 

negative electrospray ionization. To remove any potential residuals of ammonium acetate, the 

whole system was flushed with 50% water and 50% methanol at 0.25 mL/min overnight prior 

to analysis of FTOHs each time. Targeted analysis of PFAAs was performed following an 

established method341 on the UPLC-MS/MS. Detailed instrumental settings and parameters are 

listed in Table A-1&A-2. Quantification of all the analytes was achieved using a 7-point 

calibration curve prepared with certified standards from Wellington Laboratories in the range 

from 10 ng/L to 10 ɛg/L. 

A6. Non-targeted analysis by LC-HRMS 

Non-targeted liquid chromatography-high resolution mass spectrometry (LC-HRMS) 

analysis was performed using a Thermo Q Exactive HF-X Orbitrap LC-HRMS system. 

Samples were injected in triplicate with a 10 ÕL injection volume. The sample components 

were separated on a Thermo Hypersil Gold Vanquish C18 column (50 mm Ĭ 2.1 mm Ĭ 1.9 Õm) 

at a constant temperature of 60 ÁC. PFAS were eluted from the column with a solvent gradient 

consisting of mobile phases A and B at a constant flow rate of 0.4 mL/min. The solvent gradient 

was as follows: equilibration with 10% B from 0 to 1 minute, followed by a gradient ramp from 

10% B to 100% B from 1 to 5 minutes, 100% B from 5 to 8 minutes, 100% to 10% from 8 to 

9 minutes, and held at 10 % B until 11 minutes (total run time 11 minutes, data collected from 

0.6 to 9 minutes). The MS was operated in full scan dd-MS2 mode (stepped 15 and 55 NCE) 

with an inclusion list for 21 PFAS. Ionization was performed in negative mode with an 

ionization window of 1.0 m/z, sheath gas flow rate of 40, auxiliary gas flow rate of 10, sweep 
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gas flow rate of 2, spray voltage of 2.7 kV, 310 ÁC capillary temperature, funnel RF level of 35, 

and 320 ÁC auxiliary gas heater temperature. For the full-scan, the Orbitrap was operated with 

a resolution of 120,000, automatic gain control (AGC) of 3Ĭ106, and maximum dwell time of 

100ms. For dd-MS2, the Orbitrap was operated with a resolution of 15,000, AGC of 2Ĭ105, 

and maximum dwell time of 400ms. MS2 fragmentation was performed in the HCD collision 

cell filled with N2 (produced by a Peak Scientific Nitrogen Generator, Genius NM32LA). The 

data files were saved in the .RAW file format and analyzed in Thermo Compound Discoverer 

(CD) 3.2 software. Spectral libraries and mass lists were used to identify 8:2 FTOH 

transformation byproducts. The libraries included Thermo mzCloud, ChemSpider, and an in-

house MS2 mass spectral library containing 40 PFAS compounds. The mass lists included 74 

hypothesized potential 8:2 FTOH transformation products and 8,142 fluorinated compounds 

from the EPAôs ToxCast/CompTox database.202 MetFrag was used to further confirm suspected 

identification when the MS2 spectra was available.203 Confidence scores of the features 

detected were assigned based on the Schymanski Scale.201  

The suspect list including all detected features with peak areas were exported to Microsoft 

Excel and processed by R (version 4.1.1) and RStudio (version 1.4.1717).342 Briefly, the 

suspect list was narrowed down by removing the compounds with calculated molecular weight 

(MW) greater than 8:2 FTOH (MW 464.12) and potential artifacts (fold change in peak areas 

between injection replicates > 3). Subsequent statistical analyses, including one way analysis 

of variance (ANOVA) and/or non-parametrical Kruskal-Wallis test, were performed to generate 

P-values for peak area of each feature at certain sampling time-points between different 

treatment groups. P-values were corrected using Benjamini and Hochberg False Discovery 

Rate procedure. The suspect list was narrowed down using a statistical significance threshold 

for both P-value and corrected P-value lower than 0.05. The suspect list was then finalized by 

visual inspection of the plotted changes in peak area by time. 
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A7. Fluoride Ion Measurement by Ion Chromatography (IC) 

A Dionex ICS-5000 IC system equipped with a conductivity detector and a Dionex IonPac 

AS22 Analytical Column (4 Ĭ 250 mm) (Thermo Fisher Scientific, Waltham, MA) was used 

for the fluoride ion quantification. The flow rate of the eluent (0.5 mM Na2CO3 and 0.48 mM 

NaHCO3) was set to 1.2 mL/min, and the suppressor (ADRS 600, 4 mm) current was set at 99 

mA. Chromeleon 7.1 (Thermo Fisher Scientific) was used for data acquisition and analysis. 

A8. Fluoride detection 

The measurement of fluoride ion using IC is detailed in Appendix-Section A7. If all the 

initially spiked 8:2 FTOH (170 Õg/L) was completely defluorinated, the resulting fluoride 

concentration would be about 118.32 Õg/L. However, the actual fluoride concentration is 

expected to be much lower because the major transformation products in this study, 7:2 sFTOH 

and PFOA, were largely removed by headspace sampling or were not amenable to further 

defluorination. If 170 Õg/L of 8:2 FTOH underwent the hypothesized pathway (Fig. 2) to 

generate 7:2 sFTOH and PFOA, the theoretically yield of fluoride ions would be approximately 

13.92 Õg/L, which was one order of magnitude lower than the average background fluoride 

concentration in the microcosms (192.6 Ñ 51.9 Õg/L). Also, samples measured by ion 

chromatography had to be diluted ten-times due to the high concentration of chloride ion 

presented in the mineral medium (> 5 mg/L), which prevented the detection of fluoride. All 

these factors made it difficult to discern fluoride derived from 8:2 FTOH from background 

levels. 
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Table A-1 Instrumental method for the detection and quantification of 8:2 FTOH and its potential polyfluorinated transformation products by 

UPLC-MS/MS.  

LC system: Waters ACQUITY UPLC I-Class fitted with PFC kit 
Column: Waters BEH C-18 column (130¡, 1.7 ɛm dia., 2.1 Ĭ 50 mm) 
Column temp: 30 ÁC 
Sample temp: 10 ÁC 
Injection 
volume: 

50 ɛL 

Mobile phases  A: water  B: methanol 
Gradient profile: Time (min) Flow rate (mL/min) Percentage A Percentage B 

0 0.25 50 50 
2 0.25 10 90 
4 0.25 0 100 
6 0.25 0 100 
7 0.25 50 50 
10 0.25 50 50 

MS system and 
parameters: 

Waters Xevo TQ-S  
Ionization mode: ESI- Source temp = 120 ÁC 
Capilary voltage = 1.50 kV Desolvation gas flow = 750 L/hr 
Desolvation temp = 350 ÁC Cone gas flow = 50 L/hr 

Multiple reaction 
monitoring 
(MRM) 
parameters: 

Analyte 
Molecular 
Ion (m/z) 

Cone Voltage 
(V) 

Collision 
Energy (V) 

Quant. Ion 
(m/z) 

Cone 
Voltage (V) 

Collision 
Energy (V) 

Confirmation 
Ion (m/z) 

7:2 
sFTOH 

393.03 40 14 219.07    

7:3 acid 440.97 44 12 337.13 44 20 317.09 
8:2 
FTUA 

456.97 30 8 393.08 30 44 119.04 

8:2 
FTOH 

462.97 14 12 402.99 18 18 354.97 

8:2 
FTCA 

476.90 36 6 413.50 26 14 393.18 
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Table A-2 Instrumental methods for the detection and quantification of C4-C10 PFCAs by UPLC-MS/MS. 

LC system: Waters ACQUITY UPLC I-Class fitted with PFC kit 

Column: Waters BEH C-18 column (130¡, 1.7 ɛm dia., 2.1 Ĭ 50 mm) 

Column temp: 30 ÁC 

Sample temp: 10 ÁC 

Injection 

volume: 
10 ɛL 

Mobile phases  A: 95:5 Water:methanol + 2 mM ammonium acetate  B: methanol + 2 mM ammonium acetate 

Gradient 

profile: 

Time 

(min) 

Flow rate 

(mL/min) 

Percenta

ge A 

Percentage 

B 

Time 

(min) 

Flow rate 

(mL/min) 

Percentage 

A 

Percentage 

B 

0 0.4 90 10 7 0.4 0 100 

1 0.4 90 10 7.5 0.4 90 10 

5 0.4 15 85 10 0.4 90 10 

5.1 0.4 0 100     

MS system and 

parameters: 

Waters Xevo TQ-S  

Ionization mode: ESI- Source temp = 150 ÁC 

Capilary voltage = 1.50 kV Desolvation gas flow = 650 L/hr 

Desolvation temp = 350 ÁC Cone gas flow = 50 L/hr 

Multiple 

reaction 

monitoring 

(MRM) 

parameters: 

Analyte 

Molecula

r Ion 

(m/z) 

Cone 

Voltage (V) 

Collision 

Energy (V) 

Quant. Ion 

(m/z) 

Cone 

Voltage (V) 

Collision 

Energy (V) 

Confirmat

ion Ion 

(m/z) 

PFBA 212.93  12 5 169.09        

PFPeA 262.95  4 4 219.09        

PFHxA 312.94  4 4 269.12 4 20 119.02  

PFHpA 362.90  12 8 319.14  12 16 169.08 

PFOA 412.93  2 8 369.12  2 16 169.03 

PFNA 462.89  6 9 419.16  6 15 219.1 

PFDA 512.85  6 10 469.00  6 16 219 
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Table A-3 Limits of detection (LODs) and limits of quantification (LOQs) of target 

PFAS. 

Analytes LODa (ng/mL) LOQb (ng/mL) 

8:2 FTOH 0.56 6.10 

8:2 FTCA 0.02 0.09 

8:2 FTUA 0.02 0.03 

7:2 sFTOH 0.17 1.20 

7:3 acid 0.02 0.03 

PFBA 0.01 0.05 

PFPeA 0.01 0.05 

PFHxA 0.01 0.05 

PFHpA 0.01 0.05 

PFOA 0.01 0.05 

PFNA 0.01 0.05 

PFDA 0.01 0.05 

aLODs were determined based on EPA Method 537.1 
bLOQs were determined with the Lowest Concentration Minimum Reporting Level 

(LCMRL) Calculator distributed by EPA.  
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Table A-4 Fitting parameters of the first-order exponential decay modela. 

Parameter Value Standard Error Statistics  

M 99.840 6.604 R2 0.969 

k 0.184 0.028 Adjusted R2 0.962 

a. The model can be mathematically expressed as equation   ὓὸ ὓ Ὡ  
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Table A-5 Molar percentage (mol%) of 8:2 FTOH and its biotransformation products 

over the initially spiked 8:2 FTOH at the end of 90-day Loring biotransformation 

experiment. 

 Day 90-Low  Day 90-High  

8:2 FTOH 5.8 Ñ 2.3 10.1 Ñ 1.4 

8:2 FTCA 0.0 Ñ 0.0 0.2 Ñ 0.0 

8:2 FTUA 0.0 Ñ 0.0 1.0 Ñ 0.2 

7:2 sFTOH 33.0 Ñ 1.1 15.8 Ñ 0.0 

7:3 acid 1.5 Ñ 1.0 0.9 Ñ 0.2 

PFBA 0.1 Ñ 0.1 0.0 Ñ 0.0 

PFPeA 0.3 Ñ 0.0 0.1 Ñ 0.0 

PFHxA 0.5 Ñ 0.4 0.3 Ñ 0.0 

PFHpA 0.5 Ñ 0.0 0.3 Ñ 0.0 

PFOA 3.0 Ñ 0.2 1.7 Ñ 0.3  
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Table A-6 Molar percentage of 8:2 FTOH and 7:2 sFTOH being removed by 

headspace sampling over the initially spiked 8:2 FTOH in Robins biotransformation 

experiment during 90-day incubation. 

Compound Sampling time Mol% 

8:2 FTOH Day 3 14.54 Ñ 0.01 

 Day 7 1.54 Ñ 0.23 

 Day 14 0.07 Ñ 0.07 

 Day 28 0.03 Ñ 0.01 

 Day 56 0.01 Ñ 0.00 

 Day 90 NDa 

7:2 sFTOH Day 3 NDa 

 Day 7 0.34 Ñ 0.07 

 Day 14 4.59 Ñ 0.86 

 Day 28 9.49 Ñ 4.80 

 Day 56 7.07 Ñ 1.50 

 Day 90 7.69 Ñ 0.81 
a ND = not detected
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Table A-7 Identification confidence level of potential 8:2 FTOH transformation products. 

Tentative name 

 

Identification  

confidence  

level 

Tentative 

formula 

Mass 

error 

[ppm] 

Retenti

on time 

[min]  

Theoretic

al m/z 

Observe

d m/z 

Identified in the 

experiment with 

which soil type 

1H-perfluoroheptanea 1 C7 H F15 0.14 4.736 368.9766 368.9764 Loringb and 

Robins 

3-OH-7:3 acid 2 C10 H5 F15 O3 0.36 4.919 456.9926 456.9930 Loringc 

1H-perfluorohexane 3 C6 H F13 -0.33 4.439 318.9798 318.9795 Loringb 

Perfluoroheptanal 3 C7 H F13 O -0.25 4.748 346.9747 346.9745 Loringb and 

Robins 

7:3 u acid 3 C10 H3 F15 O2 0.24 4.937 438.9821 438.9822 Loringc and 

Robins 

3-fluoro-7:3 acid 3 C10 H4 F16 O2 0.67 5.077 458.9883 458.9885 Loringc 

6:2 FTCA 3 C8 H3 F13 O2 0.29 4.410 376.9853 376.9691 Loringc 

7:3 u amide 4 C10 H4 F15 N O -0.05 5.492 437.9981 437.9975 Loringc and 

Robins 

6:2 FTUA 4 C8 H2 F12 O2 -0.09 4.522 356.9790 356.9785 Loringc 

6:3 acid 4 C9 H5 F13 O2 1.25 4.877 391.0009 391.0009 Loringc 

a. Purchased from SynQuest Laboratories (Alachua, FL) 

b.Identified in both low-dosed and high-dosed treatment 

c. Identified in high-dosed treatment only 
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Table A-8 Microbial richness and diversity in Loring and Robins AFB soils. 

 

Soil type 

8:2 FTOH 

dose 

Sampling 

time 

Mapped 

reads 

OTUs Shannon Chao1 

Loring N/A Day 0 10882 742 5.32 755 

Loring N/A Day 90 13790 483 4.19 583 

Loring Low Day 90 17032 537 4.30 672 

Loring High Day 90 13621 488 3.90 628 

Robins N/A Day 7 15017 87 1.82 94 

Robins N/A Day 90 12027 104 2.38 111 

Robins Low Day 90 16960 122 2.69 133 
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Figure A-1 Total organic carbon (TOC) in (a) Robins biotransformation experiment during 

90-day incubation. DGBE amendment were made to live treatment (black arrow) and live 

control (blue arrow) and (b) Loring biotransformation experiment during 90-day incubation. 

Identical amount of DGBE was amended into all three groups at the same time points (black 

arrow). Error bars represent one standard deviation of triplicate live treatments and duplicate 

abiotic/live controls. 
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Figure A-2 Molar percentage of residual 8:2 FTOH in live treatment in Robins 

biotransformation experiment during 90-day incubation along with fitting curve of first-order 

double exponential decay model. 
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Figure A-3 Mass of PFCAs (C5-C10) in Robins biotransformation experiment during 90-day incubation. Error bars represent one standard 

deviation of triplicate of live treatments and duplicate abiotic and live controls. Asterisks indicate statistically significant differences between the 

live treatment and abiotic/live control (two sample t-test). The single asterisk indicates p < 0.05 and double asterisks indicate p < 0.01. Note that 

the y-axis scales for each PFCA are different.
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Figure A-4 Mass of PFCAs (C4-C10) in Loring biotransformation experiment. Asterisk 

indicates p < 0.05 compared with live control at day 90. Error bars represent one standard 

deviation of triplicate high-dose and low-dose treatments and duplicate live controls. 
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Figure A-5 The total molar recovery in Robins biotransformation experiment during 90-day 

incubation. Error bars represent one standard deviation of triplicate live treatments and 

duplicate abiotic controls. 
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Figure A-6 Change of peak area count (mean value and standard error of three technical 

replicate) along with time at day 0 and day 90 for compounds selected by non-targeted 

analysis in Loring biotransformation experiment. 
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Figure A-7 Change of peak area count (mean value and standard error of three technical 

replicate) along with time at day 0 and day 90 for compounds selected by non-targeted 

analysis in Loring biotransformation experiment (Low-dose treatment only). 
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Figure A-8 Change of peak aera count (mean value and standard error of three technical 

replicate) along with time at day 0, day 28 and day 90 for compounds selected by non-

targeted analysis in Robins biotransformation experiment. 
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Figure A-9 Illustration of the elucidated high-resolution MS2 spectrum obtained for 1H-perfluoroheptane, identified at the confirmed structure 

confidence level (level 1): (a) microcosm sample; (b) 1H-perfluoroheptane reference standard (1 ɛg/L). 
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Figure A-10 High-resolution MS2 spectrum obtained for (a) m/z456.9930, identified 

as level 2; (b) m/z 376.9691, (c) m/z 318.9795, (d) m/z 346.9745, (e) m/z 438.9822, 

as well as (f) m/z 458.9985, identified as level 3.   
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Figure A-11 Principal coordinate analysis (PCoA) plot of phylogenetic microbial 

community changes across different 8:2 FTOH dose treatments with Loring AFB soil 

or Robins AFB soil as described by weighted UniFrac distance matrices. PC1 

explains 67.9% of the variation while PC2 explains 14.4%. 
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Figure A-12 Total organic carbon (TOC) concentrations over a 147-day preliminary 

experiment designed to determine the appropriate sodium azide concentration for use 

in abiotic controls. Error bars represent one standard deviation of duplicate microcosms. 
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Appendix B: Supplementary Information for Chapter 4 Transformation of 

Electrochemical Fluorination-based Per- and Polyfluoroalkyl Substances in 

Aqueous Film-Forming Foam-Impacted Soil 

 

 

B1. LC-HRMS analysis 

Refer to Appendix A section A6. 

 

B2. LC-MS analysis 

Analysis was performed on an Vanquish Flex Binary UPLC system (Thermo 

Scientific) fitted with a PFC-free kit (P/N 80100-62142) coupled to a quadrupole 

orbitrap mass spectrometer (Orbitrap Exploris 120, Thermo Scientific) with heated 

electrospray ionization (H-ESI) in negative mode using Xcalibur software (V4.4.16.14). 

A delay column was placed between the pump and autosampler (HypersilGOLD, 1.9 

Õm, 175 ¡, 3 x 50 mm) to separate any PFAS in the LC system and solvents from the 

analytes. The standard or sample (10 ÕL) was injected onto a C18 column (Accucore 

RP-MS, 2.6 Õm, 2.1 x 100 mm) maintained at 40 ÁC with a 200ɛL/min flow rate of 

mobile phase of solution A (2 mM ammonium acetate in water) and solution B (100% 

acetonitrile) beginning at 20% B for the first 1.8 minute to 95% B at 13.4 min, held at 

95% B for 0.5 min, back to 20%B at 14.5 min, and with re-equilibration of 3.5 min. 

The MS scan range was 100-1000 m/z with resolution of 60,000, standard AGC target, 

70% RF lens, maximum injection time auto, with EASY-IC run-start on. The spray 

voltage was 2200 V, ion transfer tube temperature was 250 ÁC, and the vaporizer 

temperature was 175 ÁC and mild trapping was on. The sheath gas was 30 and aux gas 

5 (arbitrary units). A targeted inclusion mass list with retention time windows was used 
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for comparing the standard and sample fragmentation pattern with a 5 ppm mass 

tolerance as shown in Table B-7. 
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Table B-1. Chemical names, acronyms, and formulae of poly- and perfluoroalkyl 

substances (PFAS) used in targeted PFAS LC-MS analysis. 

Name Acronym  Formula  

Perfluorobutanoic acid PFBA F(CF2)3COOH 

Perfluoropentanoic acid PFPeA F(CF2)4COOH 

Perfluorohexanoic acid PFHxA F(CF2)5COOH 

Perfluoroheptanoic acid PFHpA F(CF2)6COOH 

Perfluorooctanoic acid PFOA F(CF2)7COOH 

Potassium perfluorobutane sulfonate KPFBS F(CF2)4SO3K 

Sodium perfluoropentane sulfonate NaPFPeS F(CF2)5SO3Na 

Sodium perfluorohexane sulfonate NaPFHxS F(CF2)6SO3Na 

Sodium perfluoroheptane sulfonate NaPFHpS F(CF2)7SO3Na 

Sodium perfluorooctane sulfonate NaPFOS F(CF2)8SO3Na 

Perfluorooctane sulfonamide FOSA F(CF2)8SO2NH2 

Perfluorohexane sulfonamide FHxSA F(CF2)6SO2NH2 

N-dimethyl ammonio propyl 

perfluoroalkane sulfonamide 

AmPr-FHxSA F(CF2)6SO2NH(CH2)3N(CH3)2 
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Table B-2. Measured concentrations of targeted PFAS in 3M Light WaterTM AFFF 

concentrate (FC-203CF) by LC-MS (n=2). 

Analyte Concentration (mg/L) 

PFBA 48.8 Ñ 1.7 

PFPeA 84.9 Ñ 5.9 

PFHxA 203.3 Ñ 5.0 

PFHpA 64.9 Ñ 2.1 

PFOA 218.5 Ñ 7.4 

PFBS 223.2 Ñ 7.1 

PFPeS 179.3 Ñ 7.1 

PFHxS 1188.9 Ñ 33.9 

PFHpS 205.3 Ñ 6.9 

PFOS 6229.4 Ñ 150.2 

FOSA 0.0 Ñ 0.0 

FHxSA 9.4 Ñ 0.6 

AmPr-FHxSA 4320.7 Ñ 185.3 
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Table B-3. Instrument LODs and LOQs of PFAS in targeted LC-MS analysis 

 

Analyte LOD (ng/mL) LOD (ng/mL) 

PFBA 0.01 0.01 

PFPeA 0.01 0.03 

PFHxA 0.01 0.04 

PFHpA 0.01 0.01 

PFOA 0.01 0.01 

PFBS 0.02 0.07 

PFPeS 0.01 0.01 

PFHxS 0.01 0.01 

PFHpS 0.01 0.01 

PFOS 0.01 0.01 

FHxSA 0.01 0.01 

FOSA 0.01 0.01 

AmPr-FHxSA 0.01 0.01 

Note: The LODs and LOQs were calculated based on the signal-to-noise ratio (S/N), 

with a S/N of 3 for LOD and 10 for LOQ, respectively. 
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Table B-4. The full names and corresponding acronyms of classified PFAS identified in non-targeted LC-HRMS analysis. 

 

  

Class name Class acronym 

Per-F 

chain 

length 

Compound acronym 

AFFF 

components 

N-trimethyl ammonio propyl 

perfluoroalkane sulfonamide 
TAmPr -FASA 

n = 4 TAmPr-FBSA 

n = 5 TAmPr-FPeSA 

n = 6 TAmPr-FHxSA 

N-dimethyl ammonio propyl 

perfluoroalkane sulfonamide 
AmPr-FASA 

n = 4 AmPr-FBSA 

n = 5 AmPr-FPeSA 

n = 6 AmPr-FHxSA 

n = 7 AmPr-FHpSA 

n = 8 AmPr-FOSA 

N-carboxy ethyl dimethyl ammonio propyl 

perfluoroalkane sulfonamido propanoic 

acid 

CEt-AmPr-FASA-

PrA 
n = 4 CEt-AmPr-FBSA-PrA 

N-dimethyl ammonio propyl perfluoralkane 

sulfonamido propanoic acid 

or 

N-trimethyl ammonio propyl 

perfluoroalkane sulfonamide acetic acid 

AmPr-FASA-PrA 

or 

TAmPr -FASA-AA 

n = 4 
AmPr-FBSA-PrA/ TAmPr-FBSA-

AA 

n = 5 
AmPr-FPeSA-PrA/ TAmPr-

FPeSA-AA 

n = 6 
AmPr-FHxSA-PrA/ TAmPr-

FHxSA-AA 

n = 7 
AmPr-FHpSA-PrA/ TAmPr-

FHpSA-AA 

n = 8 
AmPr-FOSA-PrA/ TAmPr-FOSA-

AA 
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n:2 fluorotelomer sulfonamido 

betaine/fluorotelomer sulfonamido propyl 

betaine 

n:2 FTAB/FTSA-

PrB 
n = 6 6:2 FTAB/FTSA-PrB 

N-carboxy ethyl dimethyl ammonio propyl 

perfluoroalkane amide 
CEt-AmPr-FAAd n = 7 CEt-AmPr-FOAd 

N-dimethylammonio propyl 

perfluoroalkane amide 
AmPr-FAAd 

n = 6 AmPr-FHpAd 

n = 7 AmPr-FOAd 

Perfluoroalkane sulfonic acids PFSA 

n = 2 PFEtS 

n = 3 PFPrS 

n = 4 PFBS 

n = 5 PFPeS 

n = 6 PFHxS 

n = 7 PFHpS 

n = 8 PFOS 

n = 9 PFNS 

n = 10 PFDS 

Perfluoroalkyl carboxylic acid PFCA 

n = 4 PFPeA 

n = 5 PFHxA 

n = 6 PFHpA 

n = 7 PFOA 

n = 9 PFDA 

Transformation 

products 
Perfluoroalkane sulfonamide FASA 

n = 3 FPrSA 

n = 4 FBSA 

n = 5 FPeSA 

n = 6 FHxSA 
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n = 8 FOSA 

N-methyl ammonio propyl perfluoroalkane 

sulfonamide 
M-AmPr-FASA n = 6 M-AmPr-FHxSA 

N-oxide dimethyl ammonio propyl 

perfluoroalkane sulfonamide 
OAmPr-FASA 

n = 4 OAmPr-FBSA 

n = 6 OAmPr-FHxSA 

n = 7 OAmPr-FHpSA 

n = 8 OAmPr-FOSA 

N-methyl perfluoroalkane sulfonamido 

acetic acid 
N-MeFASAA n = 6 N-MeFHxSAA 

N-ethyl perfluoroalkane sulfonamido acetic 

acid 
N-EtFASAA n = 6 N-EtFHxSAA 

N-oxide dimethyl ammonio propyl 

perfluoroalkane amide 
OAmPr-FAAd 

n = 5 OAmPr-FHxAd 

 n = 6 OAmPr-FHpAd 

 n = 7 OAmPr-FOAd 
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Table B-5. Identification of 16 classes of PFAS in non-targeted LC-HRMS analysis. 

 

  

Acronym 

Per-F 

chain 

length 

Positive mode Negative mode  
confidence 

level 

deltamass 

(ppm) 
m/z 

RT 

(min) 

confidence 

level 

deltamass 

(ppm) 
m/z 

RT 

(min) 
 

AFFF 

components 

TAmPr -FASA 

n = 4 2a 1.31 399.07885 5.316      

n = 5 2a 1.56 449.07583 6.304      

n = 6 3d 1.84 499.07286 7.244      

AmPr-FASA 

n = 4 2a 0.55 385.06289 5.302 5a 0.61 383.04836 5.755  

n = 5 2a 0.78 435.05982 6.264 3c 0.34 433.04508 6.777  

n = 6 1a 0.23 485.05640 7.208 3c 0.78 483.04211 7.394  

n = 7 3d 2.29 535.05432 7.613      

n = 8 1a 2.36 585.05129 7.786      

CEt-AmPr-FASA-

PrA 
n = 4 5a 2.23 529.10611 5.567      

AmPr-FASA-PrA 

or  

TAmPr -FASA-AA 

n = 4 3a 0.55 457.08406 5.517 5a 0.95 455.06969 5.755  

n = 5 3a 1.66 507.08145 6.475 3d 0.94 505.06654 6.776  

n = 6 4 0.23 557.07755 7.298 3c 0.47 555.06312 7.447  

n = 7 5a 1.99 607.07543 7.629      

n = 8 2a 2.27 657.07252 7.809      

n:2 FTAB n = 6 5a 1.59 571.09398 7.335      

CEt-AmPr-FAAd n = 7 5a 1.42 571.10805 7.036      

AmPr-FAAd 
n = 6 3d 1.65 449.09004 6.130      

n = 7 3d 1.63 499.08692 6.964      

PFSA n = 2     2c 0.08 198.94939 2.871  
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n = 3     3a -0.24 248.94613 4.632  

n = 4     1a 0.47 298.94313 6.230  

n = 5     1a 0.90 348.94011 7.549  

n = 6     1a 0.38 398.93676 8.182  

n = 7     1a 0.76 448.93375 8.866  

n = 8     1a 0.27 498.93035 9.531  

n = 9     1a 0.63 548.92737 9.796  

n = 10     1a 0.53 598.92415 10.126  

PFCA 

n = 4     1a 0.17 262.97605 4.983  

n = 5     1a 0.95 312.97311 6.210  

n = 6     1a 0.75 362.96989 7.438  

n = 7     1a 0.80 412.96680 7.957  

n = 9     1a 0.03 512.96006 9.322  

Transformation 

products 

FASA 

n = 3     3d 0.23 247.96223 5.854  

n = 4     2b 0.50 297.95913 7.371  

n = 5     2b 1.01 347.95613 7.950  

n = 6     1a 0.38 397.95274 8.418  

n = 8     1a 0.63 497.94652 9.517  

M-AmPr-FASA n = 6 4 1.61 471.04140 7.118 4 0.65 469.02639 7.305  

OAmPr-FASA 

n = 4 5a 1.31 401.05812 5.453      

n = 6 3d 1.40 501.05191 7.321 3c 1.33 499.03732 7.469  

n = 7 3d 1.62 551.04890 7.631      

n = 8 3d 2.39 601.04625 7.780      

N-MeFASAA n = 6     5b 0.70 469.97405 8.477  

N-EtFASAA n = 6     3c 0.93 483.98982 9.278  
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OAmPr-FAAd 

n = 5 3d 1.76 415.08814 5.350      

n = 6 3d 1.08 465.08472 6.372      

n = 7 2a 1.58 515.08184 7.136      
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Table B-6. The average log2-fold changes (LFCs) of classified PFAS in the associated peak areas between certain sampling points and the initial 

sampling point (day 0). 

 

  

Acronym 

Per-F 

chain 

length 

Live treatment Abiotic control  

ESI+ ESI- ESI+ ESI- 

LFC 

(day 

308/day 

0) 

LFC 

(max/da

y0) 

LFC 

(day 

308/day 

0) 

LFC 

(max/da

y0) 

LFC 

(day 

308/day 

0) 

LFC 

(max/da

y0) 

LFC 

(day 

308/day 

0) 

LFC 

(max/da

y0) 

AFFF 

components 

TAmPr -FASA 

n = 4 -7.78       0.07       

n = 5 -1.33       0.07       

n = 6 -0.54       -0.23       

AmPr-FASA 

n = 4 -2.97   -0.93   0.49   0.16   

n = 5 -3.98   -2.05   -0.03   0.04   

n = 6 -3.52   -1.95   -0.52   -0.17   

n = 7 -3.58       -0.64       

n = 8 -2.58       -1.17       

CEt-AmPr-FASA-

PrA 
n = 4 -0.47       -0.48       

AmPr-FASA-PrA 

or TAmPr -FASA-

AA 

n = 4 -0.93   -0.94   0.16   0.18   

n = 5 -2.53   -1.11   -0.59   0.03   

n = 6 -2.31   -1.93   -0.18   -0.19   

n = 7 -1.93       -0.85       

n = 8 -2.74       0.31       

n:2 FTAB n = 6 -0.35       0.27       
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CEt-AmPr-FAAd n = 7 -0.69       -1.08       

AmPr-FAAd 
n = 6 -3.54       -2.51       

n = 7 -3.36       -2.47       

PFSA 

n = 2     0.02       0.96   

n = 3     1.15       -2.77   

n = 4     0.63       0.56   

n = 5     1.00       0.13   

n = 6     0.77       0.22   

n = 7     0.09       0.37   

n = 8     -0.04       -0.07   

n = 9     0.29       -1.25   

n = 10     -0.48       -1.11   

PFCA 

n = 4     0.62       -0.06   

n = 5     0.69       -0.08   

n = 6     0.57       -0.43   

n = 7     -0.17       -0.21   

n = 9     -0.19       -0.52   

Transformatio

n products 

FASA 

n = 3     8.28       0.03   

n = 4     8.74       1.76   

n = 5     8.51       2.29   

n = 6     7.32       2.06   

n = 8     2.56       0.49   

M-AmPr-FASA n = 6 5.31 6.24 3.84 4.86 3.35   3.85   

OAmPr-FASA 
n = 4 3.33 5.07     2.39       

n = 6 1.01 4.30 -0.55 2.80 4.87   4.41   
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n = 7 -0.70 1.35     5.47       

n = 8 0.15 2.39     4.73 5.66     

N-MeFASAA n = 6     2.74 3.90     1.29   

N-EtFASAA n = 6     7.42       -0.30   

OAmPr-FAAd 

n = 5 2.65 4.88     4.85       

n = 6 1.79 4.77     5.17       

n = 7 0.46 3.66     5.59       
     

      
 Color scale -8.00 -4.50 -1.00 -0.50 0.00 0.50 1.00 5.00 9.00 

 Fold change 0.004X 0.044X 
0.500X 0.707X 

No 

change 1.414X 2X 32X 512X 
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Table B-7. Targeted mass inclusion list for PFAS analytes in LC-MS analysis.  

Compound Formula m/z z 
RT Time 

(min) 

Window 

(min) 

HCD Collision 

Energy (%) 

PFBA C4HF7O2 212.9792 1 1.6 0.5 30 

PFPeA C5F9O2 262.976 1 2.9 1 14 

PFBS C4F9SO3 298.943 1 6.7 1.5 50 

PFPeS C5F11SO3 348.9398 1 8.39 1 50 

PFHpA C7F13O2 362.9696 1 8.3 1 14 

PFHpS C7F15SO3 448.9334 1 9.8 2 60 

PFOA C8F15O2 412.9664 1 9.04 2 14 

PFHxA C6F11O2 312.9728 1 7 1 14 

AmPr-FHxSA C11H13F13N2O2S 483.0417 1 11.25 2 40 

FHxSA C6HF13NO2S 397.9526 1 10.59 1 40 

FOSA C8HF17NO2S 497.9462 1 12.4 1 40 

PFHxS C6F13SO3 398.9366 1 9.2 2 40 

PFOS C8F17SO3 498.9302 1 10.3 2 50 
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Figure B-1. Change of peak areas (mean value and standard error of three technical 

replicate) along with time (308 days) for TAmPr-FASA homologues with different 

perfluoroalkyl chain length (a) n = 4, (b) n = 5, (c) n =6. All these compounds were 

identified only in ESI+ mode.  
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Figure B-2. Change of peak areas (mean value and standard error of three technical 

replicate) along with time (308 days) for AmPr-FASA homologues with different 

perfluoroalkyl chain length (a-1) n = 4, ESI-, (a-2) n = 4, ESI+; (b-1) n = 5, ESI-, (b-2) n 

= 5, ESI+; (c-1) n =6, ESI-, (c-2) n = 6, ESI+; (d) n = 7, ESI+; (e) n = 8, ESI+. 

  


































































