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Abstract 
 

 Per- and poly- fluoro alkyl substances (PFAS) are a class of highly 

persistent, toxic and bio-accumulative anthropogenic chemicals. Due to their 

wide range of application including non-stick cookware, water and stain resistant 

coatings, chrome plating and aqueous film forming foams (AFFF), the potential 

exposure pathways for humans are numerous. AFFF use and subsequent 

release often leads to groundwater contamination, which poses a risk for human 

health. Currently, there is a wide array of remediation methods capable of 

treating PFAS contamination. These pump and treat methods, however, face 

many limitations including inhibitory costs, harmful byproducts, feasibility and 

ease of deployment. An in place (in-situ) remediation method holds the 

advantage of being more cost-effective, easier to deploy and cope with post 

remediation. Current in-situ PFAS remediation is limited. This thesis explores the 

amendment of a natural soil by two cationic coagulants 

(polydiallyldimethylammonium chloride [PDM] and poly(epichlorohydrin-dimethyl) 

amine [PA]) in order to increase adsorption, and thus retention, of PFAS in 

groundwater, and possibly sequestering a plume. PFAS adsorption onto natural 

soil was increased significantly based on batch and column tests. The increase in 

PFAS adsorption was not due solely to increases in organic matter from the 

addition of adsorption enhancers. Therefore, the mechanism of PFAS-enhancer 

interaction was explored. 19Fluorine-NMR spectra indicated that perfluoro 

carboxylates (PFCAs) were strongly bound in solution when in a solution of PA 

and PDM. The use of a PFOS ion specific electrode (ISE) found the same result. 
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Given that this is a proposed in-situ remediation method; the long term behavior 

of PFAS-enhancer binding interactions is an important question that needs 

answering. Weathering and biodegradation by bacteria native to natural soil were 

not capable of degrading PA and PDM. However, activated sludge was able to 

degrade enhancers. There was little PFAS release detected indicating again that 

PFAS are strongly bound in solution and that this binding interaction potentially 

reduces bioavailability of enhancers when bound with PFAS.  
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Chapter 1: Introduction, Background and 
Problem Statement  
 

 
Figure 1A Graphical Abstract: PFAS groundwater contamination as a result of 

Aqueous Film Forming Foam use and subsequent plume sequestration as an in-

situ remediation technique. 
 

 

 

 

 

 



 

 

2 

1.1 BACKGROUND 
 
Per- and poly- fluoro alkyl substances (PFAS) are a class of highly resistant 

contaminants which have recently gained main stream attention from the 

scientific community and the public (Armitage et al., 2009; Barzen-Hanson et al., 

2017; Hamid et al., 2018; Kong et al., 2018; Higgins et al., 2017; Kucharzyk et 

al., 2017; Loos et al., 2010; Liu et al., 2016; Ochoa-Herrera and Sierra Alvarez, 

2008; Post et al., 2012; Renner, 2001; Trojanowicz et al., 2018). Initially detected 

in the early 21st century in the environment, worldwide contamination has been 

subsequently detected in wildlife and humans (Butt et al., 2010; Cousins et al., 

2016; Gebbink et al., 2016; Giesy and Kannan, 2001; Hansen et al., 2016; 

Houde et al., 2011; Kannan et al., 2004; Lindstrom et al., 2011; Rankin et al., 

2014). PFAS have been produced, sold and used since the mid-20th century in a 

wide variety of industries including food packaging, mist-suppressants, water and 

stain resistant coating and aqueous film forming foam (AFFF) (Ahrens, 2011; 

Buck et al., 2011; Kissa, 2001; Paul et al., 2009; Vestergren and Cousins, 2009). 

Per-fluoro alkyl substances contain a fully fluorinated carbon chain of varying 

lengths and functional groups. Perfluoro-octane sulfonate (PFOS) and 

perfluorooctanoate (PFOA) are two of the most commonly detected PFAS in the 

environment. (Rahman et al., 2014; Stock et al., 2010) Release of PFAS into 

landfills in the US was estimated to be between 563-638 kg/yr. (Lang et al., 

2017). In China, PFOS and PFOA release was estimated at 7 tons / year with 

major contributions from wastewater and AFFF (Liu et al., 2017). Globally, 

release of per-fluoro carboxylates (PFCAs) across all sources were estimated at 
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3,200 – 7,300 tons (Prevedouros et al., 2006). PFOS, PFOA and numerous other 

per- and poly-fluoro alkyl substances are frequently detected in groundwater 

across the United States. (Barzen-Hanson et al., 2017; Field and Seow, 2017; 

Geulfo et al., 2013; Houtz et al., 2013; Moody et al., 2003). Subsequent drinking-

water contamination can be a major source for human exposure, especially since 

contamination can persist for decades (Eschauzier et al., 2013; Houtz et al., 

2013; Xiao et al., 2013). This presents a significant environmental problem since 

along with being highly persistent, PFAS are also bio-accumulative and toxic (Dai 

et al., 2013; DeWitt et al., 2016; Haukas et al., 2007; Hekster et al., 2003; 

O’Brien et al., 2009; Shi et al., 2018). 

1.2 HISTORY OF AFFF  
 

Although produced since the 1940’s, initial PFAS detection in the 

environment was in 2001 (Giesy and Kannan, 2001). PFAS have since been 

detected globally throughout all compartments of the environment (Kallenborn, 

2004; Muller et al., 2011; Pan et al., 2018). Due to their environmental 

persistence, high solubility and low volatility, they are often contaminants of water 

resources globally (Banzhaf et al., 2017; Moody et al., 2003; Munoz et al., 2017; 

Nakayama et al., 2010; Sharma et al., 2016; Simick and Dorweiler, 2005; 

Pelizzaro et al., 2018). AFFF’s are primarily used during fire training activities 

(FTA) and emergencies on military bases in the U.S. (Moody and Field, 2000). 

The first AFFF’s were proprietary mixtures manufactured sine the 1960’s, 

exclusively by 3M until 1973 (Fletcher, 2016). 3M AFFF was removed from 

qualified products lists in 2010, after phase-out of PFOA in 2002. PFOS in 3M 
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AFFF is 100 times more concentrated than PFOA (Field et al., 2017). Since then, 

there have been multiple suppliers and formulations of AFFF containing over 40 

classes of per- and poly-fluoro alkyl substances (Barzen-Hanson et al., 2017). 

Poly-fluorinated forms include substances such as fluorotelomer alcohols (FtOH) 

which can be bio-transformed into the more persistent per-fluorinated form 

(Wang et al., 2011). There are further unidentified fluoro-telomer compounds in 

groundwater and soil; they can be oxidized into fluoro-telomer sulfonates 

(FTSAs) and can further transform into PFCAs (Houtz et al., 2013).  

Atmospheric transportation of precursors and subsequent deposition is a 

contributor to long range transport of these contaminants (Ahrens et al., 2011). 

This leads to detection in areas remote from their production (Bossi et al., 2005; 

Giesy and Kannan, 2002; Giesy et al., 2001). Once converted into these ‘dead-

end’ products, PFCAs and per-fluoro sulfonates (PFSAs) do not undergo further 

biotransformation (Beach et al., 2006; Kumaraswamy et al., 2005; Liou et al., 

2010). There is limited evidence of fungal enzymes able to degrade PFAS (Luo 

et al., 2015). At environmentally relevant pH’s (4-9), PFAS are anionic and highly 

mobile. In the sub-surface, transport depends on, among other factors, total 

organic carbon (TOC), surface charge of soil, pH, ionic strength, PFAS functional 

group and chain length (Xiao et al., 2015; Guelfo et al., 2013; Higgins and Luthy, 

2006). Longer chained PFAS sorb more readily than shorter chained analogs, 

and PFSAs sorb more readily than PFCAs (Du et al., 2014). Historical AFFF use 

is often linked to PFAS groundwater contamination (Guelfo et al., 2013; Houtz et 

al., 2013; Moody et al., 2003.) Contamination of PFOS and PFOA has been 
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found to persist in aquifers for 30 years (Filipovic et al., 2015). A spatial analysis 

of groundwater contamination found proximity of a military site would statistically 

increase levels of PFAS on the United States Environmental Protection Agency’s 

(USEPA) Unregulated Contaminant Monitoring Rule 3 (UCMR3) List (Table 1.1) 

(Hu et al., 2016). An examination of non-FTA sites on site with historic AFFF use 

found that even after many years of ceasing usage of 3M formulation, it was still 

a significant contributor to groundwater contamination (Anderson et al., 2016). 

PFAS were also found in all biological and environmental samples analyzed in a 

town nearby a site where AFFF was used in Australia (Braunig et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

6 

Table 1.1 Per-fluoro alkyl substances on the UCMR3 List including mass/charge 

(m/z) ratio used for mass spectrometry (MS) analysis. 

 

* Chemical structures drawn on chemdoodle.com 

 

There have been many regulatory efforts initiated following the detection 

of PFAS in all compartments of the environment, phase-out of some sources and 

discovery of their potential for long-range transport and toxicity. In 2006, the 
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European Union banned the use of PFOS in all finished and unfinished products. 

This was followed by classification of PFOS as a persistent organic pollutant 

(POP) by the Stockholm convention in 2009. More recently, the Queensland 

Government in Australia proposed a policy to ban the use PFOS and PFOA 

containing AFFF. In the United States, the USEPA recently finalized drinking 

Health Advisory Limits at 70 ng/L (USEPA, 2016). Several states including 

Alaska, Minnesota, New Kersey and Texas, have implemented their own 

recommended levels (Field et al., 2017). While regulation and phase out efforts 

are necessary, PFAS contamination continues and poses a concern due to their 

ability to bio-accumulate, toxicity and persistence.  

1.3 BIOACCUMULATION AND EXPOSURE 
 
 There are numerous studies reporting that PFOS, PFOA and other longer 

chained PFAS are capable of bio-magnification. (Bischel et al., 2010; Houde et 

al., 2006; Higgins et al., 2007; McDougal; 2016; Smithwick et al., 2005). Instead 

of associating with lipids, PFAS bind strongly to proteins, leading to higher levels 

in blood and liver (Cui et al., 2009; Jones et al., 2003; Luebker et al., 2002). 

There are many pathways to human exposure including PFAS treated fabrics, 

dust inhalation and drinking water (Shoeib et al., 2011; Tittlemeier et al., 2007; 

Trier et al., 2011; Zhang et al., 2010). Infant exposure is even possible through 

transport of PFAS through umbilical cord serum and breast milk (Fromme et al., 

2009; Monroy et al., 2008; Lee et al., 2013).  

 Bio-accumulation through food-webs can also lead to PFAS exposure 

through food consumption. In Sweden, consumption of fish from contaminated 
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lakes was found to be an important source of human exposure (Berger et al., 

2009). Bio-magnification in the Barents Sea led to high PFOS levels increasing 

non-linearly through trophic levels (Haukas et al., 2007). Even in remote areas, 

PFAS concentrations in livers increased with an increase in trophic levels (lichen-

caribou-wolf) (Muller et al., 2011). More relevant for human exposure, drinking 

water contamination also was found to result in PFCA translocation into garden 

vegetables (Scher et al., 2018). Thus, drinking water contamination is a major 

concern for human exposure to PFAS. 

 Some of the highest PFAS groundwater concentrations in the US (0.1-7 

mg/L) in water were reported in groundwater 7-10 years after AFFF application 

(Moody and Field, 1999). In Europe and Australia PFAS are consistently found at 

parts per billion (ppb) levels in groundwater near sites where AFFF has been 

historically used (Braunig et al., 2017; Filipovic et al., 2015; Wilhelm et al., 2010). 

Other sources of PFAS introduction into the environment are important sources 

of groundwater contamination as well (Xiao et al., 2015; Xiao 2017). 

Biotransformation of PFAS precursors is also a significant source of groundwater 

contamination (Houtz et al., 2013). Given the importance of groundwater as a 

source for drinking water, AFFF use and subsequent PFAS groundwater 

contamination is a concern for human exposure.  

1.4 TOXICITY 

 The toxic effects of PFAS have been widely reported on. PFAS can result 

in metabolic effects such as decreased thyroid hormone circulation and estrogen 

disruption by binding to molecules inhibiting proper function. (Liu et al., 2007; Wei 
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et al., 2008). Weight loss has been linked to PFOS exposure in animals and 

human infants (Darrow et al., 2013; Hines et al., 2009). Fatty acid metabolism 

hindrance by PFOA at doses of 15 mg/kg body weight has been reported in rats 

(Guruge et al., 2006). Other effects of PFAS exposure include delayed muscle 

development, reduced cardiovascular function, hepatoxicity, and reproductive 

effects (Cui et al., 2009; Knox et al., 2011; Ortenblad et al., 2013; Shankar et al., 

2012). Epidemiological studies reveal developmental toxicity of PFOA in 

monkeys, fish, rice, rabbits and humans (Abbot, 2015; Andersen et al., 2008; Lau 

et al., 2007). Hoffman et al. reported a higher risk of ADHD after exposure of high 

doses and PFOA and PFNA (2010). There is limited evidence of neurotoxicity of 

PFAS in humans (Viberg and Mariussen, 2015). However, animal studies have 

found motor function development and hatching delay following PFAS exposure 

(Ulhaq et al., 2013; Pinkas et al., 2010). Rodent models tell us that 

immunological suppression are possible following exposure (Dong et al., 2009; 

Yang et al., 2012). Fei et al. reported decreased fecundity in women with PFOA 

in their blood (2009). Some carcinogenic effects have been observed induced by 

feeding rates PFOS and PFOA (Butenhoff et al., 2012; Hardisty et al., 2010; 

Kennedy and Symons, 2015; Seacat et al., 2002). Although most toxicity studies 

in animals have been on non-human models, there is enough epidemiological 

evidence to reason that human exposure to PFAS can result in negative health 

effects in humans. This along with their persistence makes PFAS pollution an 

environmental concern.  
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1.5 PHYSIOCHEMICAL PROPERTIES  

The Carbon-Fluorine (C-F) bond is the strongest covalent bond (Lemal, 

2004). The nature of PFAS consisting of partial or fully fluorinated carbon chains 

makes them incredibly resistance in the environment (Kannan et al., 2010; 

Renner, 2001; Wang et al., 2013). PFOS and PFOA are highly soluble in water 

(PFOA: 3400 mg/L; PFOS: 680 mg/L) (Rayne and Forest, 2009). PFAS are 

hydrophobic and oleophobic, contributing to their wide use and industrial 

applications (Emmett et al., 2006). There is a wide range of estimates of pKa for 

PFOA ranging from -0.5-3.8. (Burns et al., 2008; Goss, 2009). Regardless, at 

environmentally relevant pH’s (4-9), PFAS, PFOA and PFOS will likely be in their 

deprotonated and anionic form.  

There are many sources reporting partitioning behavior of PFAS. Despite 

being oleophobic, PFAS do show a propensity to sorb to organic matter with log 

Koc’s ranging from 2.1-3.1, increasing with chain length (Higgins and Luthy, 

2006). Solid-water partitioning coefficients (KD) are known to also increase with 

chain length and ionic strength but decrease with an increase in pH (Johnson et 

al., 2007; Wang and Shih, 2011; Xiao et al., 2011). This is attributable to 

decreased protonation of soil surfaces and organic matter at higher pH’s 

resulting in lower electrostatic charges (Rayne and Forest, 2009). The strength of 

the C-F bond and resulting persistence of PFAS makes their removal from the 

environment and destruction a challenging environmental concern. 
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1.6 CURRENT REMEDIATION TECH 

 There is a growing effort to develop novel PFAS remediation methods, 

since conventional water treatments, such as chlorination, ozonation, and 

advanced oxidation processes (AOP) have been ineffective (Rahman et al., 

2014). Consequently, many novel remediation methods meant to tackle PFAS 

contamination both involving pump and treat (ex-situ) and on site (in-situ) 

techniques have been developed and tested.  

1.6.1 EX-SITU REMEDIATION 
 
 Sorption is often used to remove PFAS from the aqueous phase. PFAS 

adsorption is driven by three main factors: hydrophobic and electrostatic 

interactions and surface area (Du et al., 2014; Merino et al., 2015). Granular 

activated carbon (GAC) and powdered activated carbon (PAC) are two of the 

most commonly used sorption media in PFAS remediation. GAC removes longer 

chained PFAS more readily than shorter chained, and sulfonates more readily 

than carboxylates (Carter and Farrell, 2010; Ochoa-Herrera and Sierra-Alvarez, 

2008). PAC improves PFAS removal over GAC, showing higher removal 

percentages for PFOS and PFOA due to its increased surface area (Bao et al., 

2014; Pramanik et al., 2015). Ion exchange resins (IX) have also been effective 

at removing PFAS (Seneveriantha et al., 2010; Schuricht et al., 2014; Xiao et al., 

2012). Adsorption media can be regenerated by methanol (MeOH), extending 

their life-span (Du et al., 2015). Many other sorptive materials have been studied 

as potential PFAS removal tools (Merino et al., 2015). Of these, few have shown 

promise including multi-walled carbon nano-tubes, imprinted polymers, magnetic 
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mesoprous carbon nitride, Cyclodextrin, and electro-chemically assisted sorption 

(Kwadijk et al., 2013; Lin et al., 2015; Nassi et al., 2014; Yan et al., 2014). While 

effective, sorption processes are still not fully understood and can face limitations 

from a cost and large-scale production perspective.  

 There have been many advanced oxidation processes (AOPs) tested for 

PFAS removal. Electrochemical oxidation in the form of boron-doped diamonds 

(BDD) is capable of PFSA removal and possible fluoride mineralization (Zhou et 

al., 2012). BDD degradation of PFCAs and shorter PFSAs has been less 

effective (Trautmann et al., 2015). Ti/SnO2 was able to degrade PFOA under 

highly controlled conditions (Lin et al., 2012). Electrochemical oxidation is limited 

by high cost, need for operation under optimal conditions and production of 

harmful by-products (Merino et al., 2015). Photolysis has been studied and found 

to be capable of PFAS removal after extended exposure times (Hori et al., 2007; 

Phan Thi et al., 2013). However, photolysis is sensitive to a number of conditions 

such as pH, catalyst pKa, organic matter content and dissolved oxygen content 

(Merino et al., 2015). By-products of photolysis could include shorter chained 

PFAS. Other catalyzed oxidation processes have shown great promise, but there 

is further research needed into how application will be affected by the presence 

of environmental matrices (Chen et al., 2015; Lee et al., 2009; Tang et al., 2012; 

Wang et al., 2010). Advanced reduction processes are a newer technique which 

has been studied less in the context of PFAS. Activated potassium iodide (KI) 

treatment with ultraviolet light (254 nm) resulted in high PFAS concentrations as 

well as greenhouse gas by-products (Qu et al., 2010).   
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 Incineration used to break carbon-carbon and carbon-fluorine bonds at 

600-1000 ° C is effective, but can often produce dangerous emissions, such as 

volatile PFAS derivatives and green house gases (McKay et al., 2002; Krusic et 

al., 2005; Taylor et al., 2014; Yamada et a., 2005). Sonolysis through the 

creation of cavitation bubbles, which collapse and release extremely high 

pressures and temperatures, has completely mineralized PFOS and PFOA 

(Phan Thi et al., 2014; Vecitis et al., 2008; Vecitis et al., 2010). Compared to 

sonolysis, limited PFOA removal was observed by microwave activated 

persulfate (Lee et al., 2010). In general, besides incineration, PFAS destruction 

has limited success such as production of harmful byproducts and high costs of 

operation.  

 Due to perfluorinated substances’ high stability in the environment, they 

are microbial inert and are generally not degradable by bacteria. Polyfluorinated 

substance degradation has been observed, due to the presence of the weaker 

carbon-hydrogen (C-H) bond (Buck et al., 2011; Butt et al., 2014). Fungal 

enzymes (Phanerochaete chrysosporium) were able to degrade polyfluorinated 

substances, but not perfluorinated substances (Tseng et al., 2014). Anaerobic 

bacterial reactors were not able to remove PFOS after 1 year (Kumaraswamy, 

2005). Despite the existence of many successful ex-situ PFAS treatment 

methods, they face many limitations such as cost, feasibility and uncertain 

behavior in the environment. As such, in-situ remediation is often sought after as 

a solution of PFAS contamination, holding the advantage of being more cost-

effective and easier to deploy.   
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1.6.2 IN-SITU REMEDIATION 
 
 Bioremediation is a possible path to in-situ PFAS remediation. However, 

as previously discussed, bacteria are capable of transforming poly-fluorinated 

substances into their perfluorinated counterparts, but are incapable of further 

degradation of these more persistent compounds. (Avendano and Liu, 2015; 

Kumaraswamy, 2005). Successful attempts at in-situ chemical oxidation (ISCO), 

involving the AOPs previously discussed, applied directly to contaminated 

environmental media are rare. Modest reductions in PFAS concentrations after a 

pilot test of peroxone (a mixture of O3 and H2O2) activated persulfate was 

reported by Eberle et al. (2017). ISCO faces many limitations including 

transformation of poly-fluorinated substances to per-fluorinated substances, 

creating optimal conditions and release of toxic metals (Bruton and Sedlak, 

2017). Therefore, there is further need for the development of in-situ PFAS 

remediation methods. The main objective of this thesis is to examine and 

describe the mechanism of a novel in-situ remediation method: enhanced 

adsorption via the addition of cationic coagulants. 

1.7 RATIONALE 
 
 PFAS sorption is known to be correlated with soil organic matter. (Higgins 

and Luthy, 2006). PFAS adsorption onto minerals with relatively low organic 

content has also been characterized (Johnson et al., 2007, Shih and Wang, 

2013; Xiao et al., 2011). This, along with the relationship between PFAS sorption 

and pH and ionic strength, indicates that ion exchange occupies an important 

role in PFAS sorption as well. (Higgins and Luthy, 2007; Xiao et al., 2011).  
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 Previous work has corroborated that enhanced coagulation can decrease 

PFAS content in water. Xiao et al. investigated the removal of PFOS and PFOA 

by conventional and enhanced coagulation (2013). Coagulation with Alum 

(Al2(SO4)3·18H2O) results in the particles’ attraction to one another, thus 

rendering them more susceptible to sorption onto surrounding solids and 

sedimentation. Xiao et al. showed that the dose of Alum, a common coagulant 

used in conventional water treatment, has a positive effect on the removal 

percentage of PFOS and PFOA (2012). This indicated that the mechanism for 

PFAS removal is sorption to alum flocs. Modification of a natural clay with 

cationic polymers as surfactants has also been shown to increase the adsorption 

of anionic contaminants (Dutta and Singh, 2014; Ma et al., 2015; Zhao et al., 

2015). This introduces the possibility that other coagulants may have a similar 

effect on the removal of PFAS from water.  

 To test the PFAS sorption enhancing capabilities of cationic coagulants, 

two polymers were selected; polydiallyldimethylammonium chloride (PDM) and a 

co-polymer of epichlorohydrine and dimethyl amine (PA). These were selected 

because of their similarities in TOC composition and common use in the drinking 

water process. Soil from a site with historical AFFF use (Tinker Air Force Base, 

Oklahoma) was used as the sorbent in question. Sorbates are the 6 from the 

UCMR3 List (Table 1.1). The main goals and objectives of this thesis are as 

follows 

1. Investigate the capability of PDM and PA of enhancing adsorption of 

UCMR3 PFAS onto natural (Tinker) soil. This was done by developing 
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adsorption isotherms through batch testing and breakthrough curves 

through column testing. Tinker Soil mineralogy will be explained in the 

context of PFAS adsorption. (Chapter 2). 

2. The mechanism by which PDM and PA enhance PFAS adsorption was 

explored via 19F-NMR investigation. Complex formation between PFOS 

and sorption enhancers was studied with Ion Specific Electrodes (ISE), 

developed by Evan Anderson and the Dr. Phillip Buhlmann group 

(Chapter 3). 

3. Long term behavior of PA and PDM as PFAS adsorption enhancers was 

observed. This was done with weathering experiments of sorption 

enhancers and biodegradation experiments to observe any PFAS release 

over time (Chapter 4).  
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Chapter 2: Polymer Enhanced Adsorption of 
Perfluoro-alkyl Substances on Soil from a 
Fire Training Activity Site 
 

 

Figure 2A Graphical Abstract 
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2.1 INTRODUCTION 

Per- and polyfluoro-alkyl substances (PFAS) have been gaining increased 

attention in recent years due to their capacity for bioaccumulation, long-range 

transport, toxicity and extreme resistance to degradation (Gaillard et al., 2017; 

Houtz et al., 2013; Liu et al., 2017; Merino et al., 2016; Weber, et al., 2017; Yuan 

et al., 2017). Aqueous film forming foam (AFFF), used in fire-fighting training 

activities, contains many identified and unidentified PFAS precursors. (Barzen-

Hanson et al., 2017). These chemicals are often introduced to groundwater after 

the use of AFFF at a given site. Their stability and high aqueous solubility results 

in transport from the site of AFFF application, contaminating nearby water 

sources, which can lead to human exposure (Houtz et al., 2013; Moody et al., 

2003). Recently, there has been substantial effort to develop in-situ remediation 

technologies for groundwater due to existing remediation methods’ high energy 

usage and costs of operation. In-situ chemical oxidation (ISCO) is commonly 

referred to as an alternative method to high cost pump-and-treat methods. 

However, ISCO pathways for PFAS have been ineffective at mg/L levels and 

require high temperatures to be activated (Espana et al., 2015; Lee et al., 2012). 

Often studies yield varying results. For instance, a laboratory scale column study 

found that that the uses of three common ISCO reagents were not able to 

degrade perfluoroalkyl acids (PFAAs) (McKenzie et al., 2015). Other lab-scale 

studies have observed that the per-sulfate radical was capable of 

perfluorooctanoic acid (PFOA) degradation but not perfluorooctane sulfonate 

(PFOS) degradation (Park et al., 2016). A recent pilot study showed slight PFAS 
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reductions in an aquifer after treatment with persulfate, ozone and hydrogen 

peroxide (Eberle et al., 2017). Sorption processes have long been studied to 

understand their use for PFAS remediation. Many adsorbents are effective at 

removing at varying starting concentrations including activated carbon, ion 

exchange polymers and resins (Espana et al., 2015; Merino et al., 2016). Despite 

their efficiency, these methods require high costs and are difficult to implement 

in-situ. We propose an alternative in-situ remedial method by sequestering PFAS 

in an aquifer and preventing the spread of a plume. We plan to do this by 

enhancing sorption capacity by amending soil with cationic polymers often used 

as drinking water coagulants. Organic carbon (OC), electrostatic interaction and 

pH have long been understood as factors influencing PFAS adsorption (Higgins 

and Luthy, 2007; Wang and Shih., 2011; Yu et al., 2012). A previous study by 

Xiao et al. (2013) showed that PFOA and PFOS are susceptible to removal by 

adsorption to flocs formed by Alum coagulation. Previous work from our group 

has shown this method to be effective on Ottawa Sand, increasing sorption 

capacities by factors ranging from 4-45 (Aly et al., 2018). The central hypothesis 

of this paper is that amending aquifer material with cationic coagulants will 

enhance PFAS sorption to the surrounding aquifer material, thus reducing their 

aqueous concentrations. This will provide a cheaper and simpler remediation 

method for PFAS groundwater contamination. This hypothesis was tested on 6 

PFAS from the USEPA’s Unregulated Contaminant Monitoring Rule 3 (UCMR3) 

List; three carboxylates (perfluoro-heptanoate [PFHpA]; perfluoro-octanoate 

[PFOA]; perfluoro-nonanoate acid [PFNA]) and three sulfonates (perfluoro-
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butane sulfonate [PFBS]; perfluoro-hexane sulfonate [PFHxS]; perfluoro-octane 

sulfonate sulfonate [PFOS]). Two cationic polymers commonly used as 

coagulants in drinking water; cationic polyamine (PA, a co-polymer of 

epichlorohydrine and dimethyl amine); and polydiallyldimethyl ammonium 

chloride (PDM)) were used for this study. Both batch sorption tests and one-

dimensional column tests were employed to determine sorption enhancing 

capabilities of PDM and PA. Long term efficiency of this method was tested by 

flushing columns and evaluating desorption.  

2.2 MATERIALS AND METHODS 

2.2.1 CHEMICALS 

PA and PDM were purchased from Accepta (Manchester, UK). PFOS 

(>98%) and PFOA (>96%) and isotopically labeled standards;13C8-PFOA (99%), 

13C8-PFOS (99%),18O2-PFHxS (99%), 13C3-PFHxS (99%), 13C4-PFOS (99%) and 

13C4- PFHpA (99%) were purchased from Cambridge Isotope Laboratories 

(Andover, MA). PFBS (99%), PFHxS (99%), PFHpA (>98%), and PFNA (>98%) 

and isotopically labeled standards 13C5-PFNA (99%) and 13C9-PFNA (99%) were 

purchased from Wellington Laboratories (Ontario, CA). Stock Solutions of all 

PFAS and their labeled standards were made in Optima Grade Methanol (Fisher 

Scientific, Waltham, MA) at a concentration of 0.5 and 5 mg/L respectively. The 

solid material used in this study was excavated from Tinker Air Force Base 

(Oklahoma City, OK) by CH2M (Englewood, CO). Bulk density and porosity were 

determined by gravimetric methods. Soil was dried at 100 oC overnight then 

sieved between 40-50 mesh. Polypropylene centrifuge tubes (50 mL) were used 
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for batch tests while 2.5 x 10 cm borosilicate glass columns from Kimble Chase 

(Rockwood, TN) were used in column tests. Glass auto-sampler vials (2 mL) 

equipped with Viton septa (ChromTech, Apple Valley, MN) were used for PFAS 

analysis to minimize potential contamination.  

2.2.2 SITE DESCRIPTION AND SOIL CHARACTERIZATION 

 Soil was obtained from Tinker Air Force Base (TAFB), a Department of 

Defense Facility located in South Central U.S (Oklahoma City, OK). Located 

within the Central Redbed Plains of the Central Lowland Physiographic Province 

(Curtis and Lam, 1972). TAFB soil is colored red by ferric anhydride (American 

Geological Institute, 1976). Primary geologic formations of interest at TAFB (in 

descending order) are the Permian-age (roughly 250 million years old) 

Hennessey Group, Garber Sandstone, and Wellington Formation (Versar, 2012). 

The Hennessey Group, present at the surface over the southern and western half 

of Tinker AFB, ranges from nearly 70 ft. thick in the southwestern quadrant to 

thin or absent in the northeastern portion of the Base. In those locations where 

the Hennessey is absent, the surficial geology is dominated by the Garber 

Sandstone. The soil samples were collected from a location where surface soils 

are derived from the Hennessey formation. 

 Pre-existing PFAS contamination of the soil was evaluated by mixing 5 g 

of soil with 20 mL of Optima Grade Methanol for 72 hours in a centrifuge tube. 

After centrifugation for 15 minutes, Methanol supernatant was decanted and 

analyzed via HPLC/MS for PFAS content. Soil pH, ammonium acetate (NH4OAc), 

cation-exchange-capacity (CEC), calcium carbonate (CaCO3), nitrate as nitrogen 
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(NO3-N), ammonium as nitrogen (NH4-N), total organic carbon (TOC), and cation 

concentrations (Ca2+, K+, Mg2+, Na+, Al3+) were determined by the Research 

Analytical Laboratory (University of Minnesota, St. Paul MN). Cation exchange 

capacity was determined by both the direct and summation method. TOC was 

determined by combustion analysis of a sub-sample fumigated with HCl to 

remove carbonates. In order to determine point of zero charge (PZC) of the soil, 

the drift method was employed. Mixtures containing 5 g of soil and 20 mL of 

water (1, 0.1, or 0.01 M KCl background electrolyte) were modified to the desired 

initial pH’s (2, 4, 6, 8, and 10) using HCl or NaOH. Samples were set on a shaker 

table for 48 hours, and final pH’s were measured with a pH probe. The final pH 

vs the change in pH was graphed. A quick yet reliable estimate of the soil’s PZC 

was reached by selecting the final pH at which the line crosses a change in pH of 

0. 

2.2.3 ENHANCER ISOTHERMS 

 To determine initial PDM and PA dosages to be used in batch and column 

tests, adsorption isotherms of the enhancers on native soil were constructed by 

adding 5 g of soil, 25 mL of simulated groundwater (10 mM NaHCO3 buffered at 

pH 7) and starting concentration of PDM or PA of 0, 5, 25, 50, 250, 500, 1000, 

1500, 2500, 3000, 4000 and 5000 mg/L. After mixing for 24 hours on a wrist 

action shaker, the contents of the tubes were separated by centrifugation and the 

final PDM or PA concentration in the supernatant was determined via TOC 

measurements.  
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2.2.4 PFAS ISOTHERMS 

 After PDM and PA dosages were determined, batch sorption tests were 

performed for each of the six PFAS selected by adding 25 g of soil, 10 mL of 

simulated groundwater into 50 mL centrifuge tubes. PFAS were spiked into each 

tube to reach starting concentrations of 10, 20, 40, 50, 75, 100 µg/L. Two 

additional batches were prepared by repeating the previous steps and adding 

PDM or PA at 5000 mg/L (based on enhancer isotherms). After 24 hours of 

mixing and centrifugation at 2000 rpm for 15 minutes, 1 mL of supernatant was 

decanted and placed into a 2 mL glass HPLC auto-sampler vial along with 100 

ng of isotopically labeled internal standard for subsequent HPLC-MS analysis. In 

order to gain a further understanding of how the chemical mixtures behave in the 

presence of soil, batches were repeated (only for PFOA and PFOS) at pH’s of 5, 

8, and 9.  

2.2.5 PFAS COLUMNS 

 A sequence of one-dimensional column tests was performed to describe 

PFAS transport through native soil both in the presence and absence of either 

PDM or PA. Glass borosilicate columns were tightly packed with dry soil in one 

cm increments and capped with glass wool to prevent the mobilization of 

suspended soil particles. Columns were then flushed with CO2 gas then 

saturated with at least 3 pore volumes (as determined by multiplying porosity by 

total volume of soil) of 10 mM NaHCO3 buffered at pH 7 at a flow rate of 0.12 

mL/min. To amend soil with PDM or PA, a solution of the determined initial 

dosage was pumped through the column and effluent was continuously 
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monitored for TOC. Once 100% breakthrough was observed, indicating 

saturation of the soil with the enhancers, influent streams were switched to a 

solution of 100 ppb PFAS. Approximately 7.2 mL of effluent were collected in 10 

mL glass test tubes every hour on a rotating fraction collector. After 100% 

breakthrough of PFAS was recorded, influent streams were switched back to 

simulated groundwater to examine the reversibility of this process. Desorption 

samples were collected for 30 pore volumes. 

2.2.6 ANALYTICAL METHODS 

 Enhancer concentrations were determined with a Shimadzu TOC-L 

analyzer. Potassium hydrogen phthalate (KHP) was used as a calibration 

standard for non-purgeable OC analysis. Samples were injected into a 680° 

catalytic oven in the presence of a platinum catalyst, oxidized to CO2, and 

measured by non-dispersive infrared detection. Aqueous PFAS concentrations 

were measured using a Hewlett-Packard series 1050 high performance liquid 

chromatograph paired to series 1100 mass Spectrometer (HPLC-MS). A Betasil 

C18 (50 mm x 2.1 mm x 10 um) analytical column (Thermo-Scientific, Waltham 

MA) was used to achieve analyte separation. The mobile phases, delivered at a 

flow rate of 0.20 mL/min, consisted of A: 2.0 mM ammonium acetate in a mixture 

of 90% water (RO) and 10% methanol (Optima Grade, Fisher Scientific, 

Waltham, MA); and B: 2.0 mM ammonium acetate in methanol (Optima Grade, 

Fisher Scientific, Waltham, MA). The A/B ratio was ramped linearly from 78/22 to 

33/67 in the first 3 minutes, maintained for 1 minute, then changed linearly from 

33/67 to 0/100 over 4 minutes, and held for an additional 7 minutes. Mass to 
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charge ratios (m/z) for UCMR3 analytes are; PFBS: 299, PFHpA: 363, PFHxS: 

399, PFOA: 413, PFNA: 463, PFOS: 499. Masses were calculated using the 

relative response factor (RRF) method. The RRF was calculated by putting a 

known amount of internal standard into a standard with unlabeled PFAS and 

dividing the mass to area ratios of the unlabeled and labeled compounds:  

𝑅𝑅𝑅𝑅𝑅𝑅 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃

𝑀𝑀𝑃𝑃𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃�
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝐼𝐼𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴 𝑆𝑆𝐴𝐴𝑃𝑃𝐴𝐴𝑆𝑆𝑃𝑃𝐴𝐴𝑆𝑆

𝑀𝑀𝑃𝑃𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴 𝑆𝑆𝐴𝐴𝑃𝑃𝐴𝐴𝑆𝑆𝑃𝑃𝐴𝐴𝑆𝑆�
   

(2.1) 

 

Rearranging this equation, one can solve for unknown analyte mass in a sample: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝑀𝑀𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃

𝑅𝑅𝑅𝑅𝑅𝑅�
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝐼𝐼𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴 𝑆𝑆𝐴𝐴𝑃𝑃𝐴𝐴𝑆𝑆𝑃𝑃𝐴𝐴𝑆𝑆

𝑀𝑀𝑃𝑃𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐼𝐼𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴 𝑆𝑆𝐴𝐴𝑃𝑃𝐴𝐴𝑆𝑆𝑃𝑃𝐴𝐴𝑆𝑆�
  

(2.2) 

 

Instrumental limit of detection (LOD) and limit of quantification (LOQ) were 

calculated based on a peak signal to noise (S/N) ration of 3:1 and 10:1 

respectively. LODs were determined to be: PFBS 5 µg/L, PFHxS 5 µg/L, PFOS 5 

µg/L, PFHpA 5 µg/L, PFOA 5 µg/L, PFNA 5 µg/L.  

2.2.7 STATISTICAL ANALYSIS 

 To calculate 95% confidence intervals (CI) for fits of isotherms and 

breakthrough columns, the LINEST function (Microsoft Excel) was applied to 

each data set, which gives the standard error for each fit. The 95 % CI was 

calculated from the standard error. Fits of each isotherms were compared within 

each batch with a t-test, with a significance level set to the widely accepted value 

of α = 0.05. Batches and columns were all run in triplicate. The means of these 

repeated experiments were also compared, using a t-test with a significance level 
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of α = 0.05. Statistical analysis was preformed using Microsoft Excel, for Mac 

Operating System iOS X.  

2.3 RESULTS AND DISCUSSION 

2.3.1 ENHANCER ISOTHERMS AND PZC DETERMINATION 

 Isotherms of the enhancers (PDM and PA) were constructed on 40-50 

mesh Tinker soil. Mass of enhancer sorbed per mass of soil was plotted against 

equilibrium dissolved concentrations (Figure 2.1). The data were fit to the 

Langmuir Isotherm where q is mass of enhancer sorbed per mass of sand, 

𝑞𝑞 = 𝐾𝐾𝐿𝐿𝑄𝑄𝑚𝑚𝐶𝐶𝐸𝐸
1 + 𝑄𝑄𝑚𝑚𝐶𝐶𝐸𝐸�  (2.3) 

 

KL is the Langmuir constant, CE is the equilibrium concentration of the enhancer 

and Qm is the maximum sorption capacity. The concentration at which Qm was 

initially reached (5,000 mg/L PDM and PA) was selected as the initial dosage to 

be applied to the PFAS experiments. By using the drift-method, the PZC of 

Tinker soil was determined to be 8.1 (Figure 2.2).  
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CE (mg TOC/L) 
 

Figure 2.1 Sorption isotherms of PDM (a) and PA (b) on Tinker Soil, fit to the Langmuir 

Isotherm model. Qmax is 6.7 (PDM) and 7.6 (PA) mg TOC / g soil. Initial dosages for PDM 

and PA in order to reach qmax were both 5000 mg (enhancer) / L.  
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Figure 2.2 PZC determination of Tinker soil. Initial pH’s were set at 2, 4, 6, 8, and 10. After 

equilibration for 24 hours, final pH was plotted on the x-axis vs. change in pH on the y-

axis. The point of zero charge was selected at the point where change in pH = 0. Error bars 

are smaller than symbols.  

 

2.3.2 PFAS BATCH TESTS 
The use of both coagulants significantly increased the sorption of PFAS to the 

native soil (Figure 2.3). The data were best fit using the linear adsorption model  

𝑞𝑞 = 𝐶𝐶𝐸𝐸𝐾𝐾𝐷𝐷 (2.4) 

where q is the solid phase concentration of PFAS (ng PFAS/g soil) and plotted 

against equilibrium dissolved PFAS concentrations (CE: µg PFAS/L). The solid 

water partitioning coefficient, KD was calculated from the slope of each linear 

isotherm. An important consideration in the sorption mechanism are hydrophobic 

interactions between PFAS and organic matter associated with soil particles. 

This was determined by normalizing KD values to the fraction of organic carbon 
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(foc) in each batch, to obtain organic carbon partitioning coefficients (Koc). Tinker 

Soil has an foc of 0.015, and Qm of PDM and PA are 6.99 and 8.11 mg OC/g soil, 

respectively. The addition of PDM or PA to a solution containing suspended 

Tinker Soil and PFAS significantly increased PFAS sorption as measured by both 

the KD and KOC values (Table 2.1). PDM amended soil resulted in sorption 

coefficients increasing by factors ranging from 3.1 (PFHpA) – 6.1 (PFOS). 

Similarly, the addition of PA resulted in an increase of KD by factors of 2.0 

(PFOS) – 4.1 (PFHxS). All KD and KOC increases were significant over control 

conditions as evaluated with a t-test. (Table 2.2) The only non-significantly 

different comparisons were those between PA and PDM amended soil for PFBS, 

PFHxS and PFHpA.  
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Figure 2.3 Sorption isotherms on native soil fit to a linear model. Open circles represent 

control conditions, closed diamonds represent the addition of PA and closed triangles 

represent the addition of PDM. Error bars represent standard deviation of triplicate 

measurements.  

 

Table 2.1 Linear distribution coefficients (KD) from batch tests PFAS on untreated Tinker 

Soil (control) and Tinker soil amended with PDM or PA. KD values normalized to foc of soil 

in each batch (Koc) are listed below corresponding KD values.  

  

KD/Koc(L/Kg) 
± 95% CI* PFBS PFHxS PFOS PFHpA PFOA PFNA 

Control 
KD 
KOC 

0.62 ± 0.12 
41.3 ± 7.7 

0.45 ± 0.08 
30.0 ± 5.4 

1.44 ± 0.35 
96.0 ± 2.3 

0.43 ± 0.04 
28.7 ± 2.5 

1.62 ± 0.24 
108.0 ± 15.9 

0.72 ± 0.13 
48.0 ± 8.8 

PA 
KD 
KOC 

1.53 ± 0.24 
66.2 ± 10.5 

1.84 ± 0.29 
79.6 ± 12.6 

2.94 ± 0.42 
127.2 ± 8.2 

1.12 ± 0.34 
48.5 ± 14.7 

10.7 ± 0.70 
463.0 ± 30.0 

1.3 ± 0.47 
56.2 ± 10.2 

PDM 
KD 
KOC 

1.92 ± 0.25 
87.3 ± 11.4 

2.3 ± 0.19 
104.6 ± 8.7 

8.75 ± 1.36 
397.9 ± 61.8 

1.56 ± 0.36 
93.7 ± 16.3 

7.12 ± 0.98 
322.9 ± 44.4 

2.93 ± 0.93 
133.3 ± 4.24 

* 95 % CI of slope 
 

Table 2.2 P-values from statistical comparisons of batch tests using a t-test (α=0.05). 

Comparisons with results of α>0.05 are in bold text and not significantly different 

comparisons.  

 
PFAS control-PDM control-PA PA-PDM 

PFBS 0.001269722 0.003237284 0.597669282 

PFHxS 3.14118E-05 0.003081662 0.355168142 

PFOS 0.000394683 0.020428435 0.002196387 

PFHpA 0.00191502 0.048044168 0.155658724 

PFOA 0.000623854 1.77121E-07 0.004416245 

PFNA 0.003050184 0.0008541415 0.00032948 
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 Mostly in agreement with the paradigm that PFAS with longer carbon 

chains exhibit more sorption, this trend was observed within the sulfonate group 

especially after the addition of PDM and PA. Minimal exceptions include PFOA, 

which showed more sorption than its longer-chained analog, PFNA. Another 

trend observed is that sulfonates were more readily sorbed than carboxylates of 

comparable fluorinated carbon chain lengths (PFHpA vs. PFHxS). This is likely 

due to the more hydrophobic nature of the sulfonate head group compared to 

carboxylates (Higgins and Luthy 2006). Comparing our measured KD values to 

previously reported values revealed discrepancies which may be explained by 

experimental differences. Xiao et al. (2011) reported KD values of PFOA, PFNA 

and PFOS onto kaolinite clay. In single compound systems the KD values 

calculated were; 2.3, 5.5 and 14.5 L/Kg respectively. These values are higher for 

the same 3 compounds on this soil; 1.62, 0.72 and 1.44 L/Kg (Table 2.1). This 

variation can be attributed to differences between kaolinite and Tinker Soil. The 

kaolinite used by Xiao et al. had a cation exchange capacity (CEC) of 3.3 

meq/100g while the soil used in this study had a CEC of 26.9 meg/100g. A higher 

CEC suggests a more negative charge associated with this soil, which would 

result in less PFAS adsorption due to electrostatic repulsion.  

 To further understand the mechanism by which PFAS sorption is 

enhanced in the presence of PDM and PA, Koc values were obtained. If the 

increase in sorption were due solely to the added organic carbon of the 

coagulants, then Koc values should remain constant for each PFAS, regardless of 

experimental condition. Upon calculating Koc for each batch, Koc values do not 
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remain constant and increase with similar magnitudes as KD (Table 2.1). This is 

indicative of a mechanism which is not solely driven by the increase of organic 

carbon from the addition of PDM or PA. One possible mechanism driving the 

enhancement of PFAS sorption could be the increase in positive charge resultant 

from the adsorption of the cationic polymers. A higher CEC is more amenable to 

sorbing the cationic enhancers bound with PFAS as opposed to the negatively 

charged PFAS alone. 

  Batches for PFOA and PFOS were repeated at pH’s 5, 8 and 9 in order to 

gain understanding as to how Tinker soil mineralogy affected PFAS sorption and 

the enhancement capabilities of PA and PDM (Figure 2.4). Consistent with many 

previous findings that pH influences PFAS sorption by way of electrostatic 

interaction, the adsorption of PFOS and PFOA in single compound equilibration 

experiments decreased with increasing pH (Higgins and Luthy, 2006; Tang et al., 

2010 Wang et al., 2010). This can be explained by the surface charge of soils 

increasing in more acidic conditions, thus electrostatically attracting anionic 

charges. At pH 8, the partitioning of PFOS and PFOA alone dramatically 

decreased. This coincides with the PZC of Tinker Soil previously determined to 

be 8.1 (Figure 2.2). At pH 9, PFOS and PFOA adsorption is virtually non-existent 

in single compound experiments. At this pH, the surface of the soil particles is 

basic, having a negative charge. In the absence of electrostatic attraction, 

organic carbon has been found to be important when considering PFAS 

adsorption (Higgins and Luthy, 2006; Johnson et al., 2007). However, Tinker 
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Soil’s foc is quite low (1.5%), which would explain the lack of hydrophobic 

interaction in the lack of positive surface charge.  

 In the presence of PA and PDM, adsorption increased at pH’s above 

Tinker Soil’s PZC. This phenomenon, of basic pH’s resulting in increased 

adsorption in the presence of divalent cations in solution has been previously 

observed (Gao et al., 2012; Kwadijk et al., 2013; You et al., 2010; Zhou et la., 

2013). This is likely due to basic site formation on soil particles which attract 

cations and form a bridging effect. This is further indicative that there is more to 

PFAS sorption enhancement by PA/PDM than just an increase in OC and 

electrostatic interaction. This abnormal result can also be explained by a complex 

forming in solution between PFOA/PFOS and PA/PDM. If this complex has a net 

positive charge, basic pH’s will have the same effect. (The question of whether 

the result observed here is result of a bridging effect or a complex forming will be 

discussed in Chapter 3.) 
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pH 

Figure 2.4 Replication of PFOA (a) and PFOS (b) batch tests at differing pH’s. Open circles 

represent control conditions, closed diamonds represent the addition of PA and closed 

triangles represent the addition of PDM. 

2.3.3 RESULTS, PFAS COLUMN TESTS 

 In order to more deeply understand how these enhancers will behave in 

their intended use (in-situ), column studies were performed with untreated soil 
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and soil pre-loaded with either PDM or PA. To determine the amount of time a 

solution of 5000 mg enhancer/L was to be pumped through a given Tinker Soil 

column, breakthrough curves (BTC) of PDM and PA were developed (Figure 

2.5). 100% breakthrough occurred at 10-15 pore volumes. To ensure each 

column was truly saturated with sorption enhancer, preloading solutions were 

pumped through for 16 pore volumes (approximately 0.48 L). Based on BTC’s of 

PFAS through Tinker soil amended with either PDM or PA, retention of PFAS on 

the columns was significantly increased (Figure 2.5). Each breakthrough curve 

was fit to the transport equation where R is the retardation factor, D is the 

diffusion  

 

𝑅𝑅
𝜕𝜕𝐶𝐶
𝜕𝜕𝐴𝐴

= 𝐷𝐷
𝜕𝜕2𝐶𝐶
𝜕𝜕2𝑥𝑥

− 𝑣𝑣
𝜕𝜕𝐶𝐶
𝜕𝜕𝑥𝑥

 (2.5) 

𝑅𝑅 = 1 +
𝜌𝜌𝐾𝐾𝐷𝐷 
𝜃𝜃

 (2.6) 

 

coefficient. After R for each breakthrough curve was determined, KD was back 

calculated using the equation where ρ (density; 2.65 g/cm3 and θ (porosity; 0.43) 

are the bulk density and porosity of Tinker Soil, respectively.  
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Pore Volumes 

Figure 2.5 Breakthrough curves of PFAS through untreated native soil (open circles), 

preloaded with PDM (black triangles) or PA (black diamonds). Data was plotted as number 

of pore volumes (each PV approximately 30 mL) vs. unit-less concentration. Error bars are 

smaller than symbols. 

 

Table 2.3 Solid-water distribution coefficients (KD) of PFAS from column tests on untreated 

Tinker Soil (control) and Tinker soil pretreated with PDM or PA. KD values normalized to foc 

of soil in each batch (Koc) are listed below corresponding KD values.  

KD/KOC (L/Kg) 
± 95% CI PFBS PFHxS PFOS PFHpA PFOA PFNA 
Control 

KD 
KOC 

0.21± 0.02 
13.9 ± 1.4 

0.89 ± 0.19 
59.5± 12.6 

1.23 ± 0.22 
82.0± 14.9 

0.14 ± 0.01 
9.0± 0.9 

0.55 ± 0.04 
36.4± 3.0 

0.75 ± 0.08 
50.1± 3.9 

PA 
KD 
KOC 

2.94 ± 0.19 
127.3± 8.4 

3.29± 0.33 
142.5± 12.4 

4.70 ± 0.37 
203.3± 16.0 

1.28 ± 0.22 
55.4± 9.9 

2.56 ± 0.25 
110.9± 11.1 

2.56 ± 0.16 
119.8± 6.8 

PDM 
KD 
KOC 

 
3.28 ± 0.23 
149.3± 10.8 

 
3.81 ± 0.48 
173.1± 22.7 

 
8.03 ± 0.80 
365.1± 37.9 

 
1.47 ± 0.15 
66.8± 6.9 

 
3.18 ± 0.42 
144.5± 19.7 

 
3.59 ± 0.46 
163.1± 21.6 

 
 

C
/C

0 
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The results of the column tests showed similar results to those of the batch tests 

in that sorption, or in this case retention, of PFAS onto native soil significantly 

increased in the presence of PDM or PA (Table 2.3). For example, initial 

breakthrough of the lightest sulfonate (PFBS) on a PDM amended soil column 

occurred at ~9 pore volumes (PV). Whereas PFOS breakthrough on a PDM 

amended soil column occurred at 20 PV’s. This trend is consistent for all 6 PFAS 

tested. Similar results were observed in that longer chained sulfonates and 

carboxylates exhibited more sorption than their shorter analogues. While in batch 

tests, PFOA displayed more sorption than its heavier analog (PFNA), this 

anomaly was not observed in the column tests. This phenomenon could be 

related to time scale differences between batch tests and column studies. PFNA 

batches may not have been shaken long enough to achieve equilibrium, resulting 

in lower than expected partitioning values. Another potential reason for this 

observation could be that PFNA, being the heaviest PFAS tested, was too large 

to effectively interact with sorption enhancers.  

 A parallel comparison of KD to KOC’s was carried out to gain more insight 

as to the mechanism by which sorption is enhanced. The same result, that KOC 

did not remain constant, is again suggestive that sorption mechanism is not only 

due to an increase in organic matter from the addition of PDM and PA. As 

mentioned previously, based on the CEC of the soil, electrostatic interaction 

between particle surface and PFAS may not play as large a role as reported in 

previous studies, indicative of a different mechanism being a significant 

contributor to sorption enhancement. (Higgins and Luthy, 2006; Wang et al., 
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2011). These results may be more relevant compared to batch tests as they 

model conditions closer to those potentially faced in the field where this 

remediation technique might be employed.  

 To get a sense of long-term viability of the method, desorption 

experiments were preformed immediately after column tests by pumping PFAS 

free background electrolyte through the column at the same rate (0.12 mL/min) 

for 30 pore volumes (~60 hrs.). Recovery percentages were calculated using a 

simple mass balance. All control columns (no coagulant added) showed near 

100% recovery levels within 8 pore volumes, indicating that sorption of PFAS 

onto this soil is reversible (Figure 2.6) This result is consistent with previous 

studies that show PFAS are quite mobile through aquifers (Giesy et al., 2002; 

Xiao et al., 2015). Desorption from soil pre-treated with both PDM and PA show 

greatly decreased recoveries, indicating that the association of PFAS, enhancers 

and soil is quite strong. 
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Figure 2.6 Recovery percentages of PFAS from untreated Tinker Soil columns (black bars) 

and soil columns pre-treated PA and PDM (gray and hollow bars). 

 
2.4 CONCLUSION 

Batch tests showed a significant increase in KD values, in the presence of either 

PA or PDM, in some cases by an order of magnitude or more. Furthermore, 

normalizing adsorption to organic carbon content did not explain the increased 

adsorption to this soil. This is indicative of sorption enhancement resulting from 

mechanisms other than hydrophobic interactions between PFAS and the organic 

matter associated with the enhancers.  As the intention of this research is to 

develop an in-situ remediation method, column studies were subsequently 

performed. Similar results were observed, where retention of PFAS through a soil 

column, and therefore sorption, was significantly increased, and breakthrough 
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delayed in the presence of either PA or PDM. Most results from both batch and 

column tests follow the general trend that heavier PFAS are more readily sorbed 

than shorter-chained analogs. This is also true for differences accounting for 

functional group, where sulfonates exhibited more sorption than carboxylates. 

PDM resulted in greater enhanced PFAS sorption than PA in batch tests for all 

PFAS but PFOA. However, perhaps more relevant, column results showed PDM 

significantly out-preforming PA for all PFAS (but PFOA and PFNA). While PDM 

outperformed PA for PFOA and PFNA, the difference between the two 

breakthrough curves was not statistically significant. Desorption studies suggest 

that PFAS sorption using this method is not easily reversible, which is a desirable 

quality for long term in-situ sequestration of PFAS and containment of 

groundwater plumes. Replicated batch studies for PFOS and PFOA and varying 

pH’s indicated that the mechanism of PFOS and PFOA sorption enhancement 

involves, in at least some part, the cationic charge of the enhancers, either a 

surface binding interaction or complexation.  
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Chapter 3: 19F-NMR Investigation of 

Perfluoroalkyl-Acid and ISE Investigation of 

PFOS Interaction with polyDADMAC and 

polyamine. * 

 

 

Figure 3A Graphical Abstract 

* Sections 3.2.3 and 3.3.2 and all data within were contributed by Evan Anderson 

from the Philippe Buhlmann Laboratory, University of Minnesota. 
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3.1 INTRODUCTION 

 Perfluoroalkyl-substances (PFAS) present a challenging environmental 

problem to their persistence, tendency to bio-accumulate, and toxic effects. More 

research efforts have been devoted to solving problems posed by the presence 

of PFAS in the environment (Giesy et al., 2002; Ochoa-Herrera et al., 2016).  

There are many pathways which lead to PFAS contamination of the environment 

as well as human exposure (Ahrens and Bundschuh, 2014). Use of aqueous film 

forming foam (AFFF) for fire training activities (FTAs) has led to high levels of 

groundwater contamination (Moody et al., 2003; Place and Field, 2012). 

Emission of PFOS alone as a result of AFFF use was estimated at 7 tons/year in 

China (Xie et al., 2013). Due to high stability of the fluorinated carbon chain 

characteristic of PFAS, removal of contamination has proven difficult with 

common degradation methods employed to remove other persistent organic 

pollutants (Eschauzier et al., 2012; Kannan, 2011; Lemal et al., 2004).  

 Development of in-situ remediation methods faces many challenges 

including low removal levels, high costs and energy inputs and conversion of pre-

cursors (Espana et al., 2015). The development of an effective in-situ 

remediation technique would have to have the characteristics of being cost 

effective, scalable and easy to deploy. The adsorption of six PFAS on the 

USEPA’s Unmonitored Contaminant Monitoring Rule 3 (UCMR3 List) onto soil 

from an FTA was enhanced by the addition of coagulants used in the drinking 

water process; polyamine, a co-polymer of epichlorohydrine and dimethyl amine 

(PA), and cationic polymer polydiallyldimethyl ammonium chloride (PDM) (Aly et 
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al. 2018). In order to advance our understanding of this process, the mechanism 

by which PA and PDM enhance PFAS adsorption is a valuable piece of 

information. The hypothesis behind sorption enhancement is that PA and PDM 

bind PFAS in solution, supplementing PFAS adsorption that may already be 

occurring. Previous studies have shown that PFOS and PFOA are capable of 

complexing with organic compounds in solution. Complexation of PFOA with 

Cyclodextrin (CD) was investigated via NMR by Weiss-Errico et al., (2017). 

Titrating in CD at ratios ranging from 6:1 to 1:5 (PFOA:CD) resulted in distinct 

changes in the shapes and chemical shifts of 19F-NMR peaks. CD was 

determined to be a strong complexing agent (K~105 M-1) for PFHpA, PFOA, 

PFNA, PFOS, PFOSA and 6:2 fluorotelomer-sulfonate (FTS) as evidenced by 

reduction in peak size as well as shift in peak resonance. If a complexing 

interaction between PFAS and PA/PDM is occurring and leading to an increase 

in adsorption, a change in 19F-NMR spectra should be observed upon the 

addition of PA or PDM to a sample containing PFAS. This hypothesis was tested 

by measuring 19F-NMR peaks of PFHpA, PFOA and PFNA alone and in the 

presence of sorption enhancers PA and PDM.  

 In order to more precisely measure binding constants of PA/PDM and 

PFAS, a PFOS ion specific electrode (ISE) [developed by Evan Anderson in the 

Philippe Buhlmann Laboratory, University of Minnesota] was used to measure 

PFOS in solution. Measurement of binding constants via the use of ISEs is ideal 

because they allow the measurement of ‘free’ ion in solution in real time. Data for 

the binding of PFOS to the polyelectrolytes PA and PDM were fitted using a 1:1 
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binding model between PFOS and charge repeat units within each sorption 

enhancer. Therefore, the measured binding constants can then be applied to 

determine the amount of sorption enhancer needed to bind and sequester a 

given concentration of PFOS. 

 3.2 MATERIALS AND METHODS 

3.2.1 CHEMICALS  

 PA and PDM were purchased from Accepta (Manchester, UK). PFOA 

(>96%) was purchased from Cambridge Isotope Laboratories (Andover, MA) and 

PFHpA (>98%), and PFNA (>98%) were purchased from Wellington Laboratories 

(Ontario, CA) (used in 19F-NMR experiments). Potassium perfluorooctylsulfonate 

(KPFOS) and imidazole (used for ISE experiments) were purchased from Alfa 

Aesar. Potassium chloride, sodium bicarbonate, 1H,1H,2H,2H-perfluoro- 7-

methyloctyl iodide, perfluoroperhydrophenanthrene and 1 M HCl were purchased 

from Sigma Aldrich (St. Louis, MO).  

3.2.2 METHODS, 19F-NMR 

 Solutions of 100 ppb PFOA, 100 ppb PFOA in the presence of PA (5000 

mg/L), and 100 ppb PFOA in the presence of PDM (5000 mg/L) in 10 mM 

NaHCO3 (balanced at pH 7) in order to maintain conditions set in batch and 

column studies were prepared in 2 mL glass LCMS auto-sampler vials then 

transported to the University of Minnesota NMR center. In preparation for 19F-

NMR, samples were shaken and 600 µL were transferred to an NMR tube prior 

to the addition of 50 µL of D2O (lock solvent). Spectroscopy was preformed with 

a Bruker Avance NEO 600 MHz NMR Spectrometer with a 5 mm Triple (TCI) 
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Resonance CryoProbe. Each acquisition was run for 23 hours and a total of 

40960 scans (1 s relaxation delay per 1 s acquisition time). 19F chemical shifts 

were referenced to the chemical shift of CFCl3 at 0 ppm. NMR data synthesis and 

peak analysis was performed with TopSpin 3.5.  

3.2.3 METHODS, PFOS ION SPECIFIC ELECTRODE PREPARATION (by 

Evan Anderson) 

An ion-selective electrode membrane solution was prepared to contain 1.0 mM of 

the anion exchanger salt 1,3-di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium 

iodide (to provide permselectivity) and 10 mM of the fluorophilic electrolyte 1,3-

di(1H,1H,2H,2H-perfluoro-7-methyloctyl)imidazolium-tetrakis[3,5 

bis(perfluorooctyl)phenyl]borate (to reduce membrane resistance) in 

perfluoroperhydrophenanthrene as the inert fluorous membrane matrix (Figure 

3.1).  
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Figure 3.1 Chemical structures of the fluorophilic salts used for the development of anion-

exchange ion-selective electrodes. Compound 3 imparts permselectivity and compound 4 

reduces electrical resistance. 

3.3 RESULTS AND DISCUSSION 

3.3.1 RESULTS, 19F-NMR  

19F-NMR Peaks were measured for PFHpA, PFOA and PFNA before and after 

the addition of 5000 mg/L of either PA or PDM (Figure 3.2) There are significant 

changes in the peaks after the addition of both PA and PDM, in some cases, 

peaks disappear altogether. For PFHpA, peak areas are reduced by 55% and 

85% in the presence of PA and PDM respectively. Change in chemical shift 

(∆δF), a more appropriate measure for how chemical environments change, 

provides insight into how the molecule may be oriented when complexed with PA 

and PDM (Figure 3.3). Both PA and PDM contain quaternary amines, secondary 

carbons and methyl groups and PA also has a hydroxyl group. These 

environments have smaller polarities compared to that of the aqueous phase. 

Inter molecular interaction between the C-F chain and the surrounding groups is 

decreased, resulting in an increase in ∆δF (Guo et al., 1991). Given that chemical 

shifts change in the following order (6>5>4>3>2>1), it may be that the carbon 

number 6 (CF3) is most closely associated with the PA and PDM complex, 

leaving the carboxylic head group closer to the aqueous environment. These 

results are similar to what was reported by Guo et al., when determining the 

orientation of PFAS in CD complexes (1991). This same conclusion is difficult to 

reach with the two remaining PFAS investigated with 19F-NMR (PFOA and 

PFNA), given that all peaks disappear in the presence of PA and PDM. However, 



 

 

47 

this result is indicative that a much stronger binding interaction occurs between 

PFOA/PFNA and PA/PDM. This is also in line with previous findings that in 

general, longer chained PFAS are more readily sorbed and complexed than 

shorter chained analogs (Guo et al., 1991; Higgins and Luthy, 2006). The results 

of PFHpA peak shift and reduction and the disappearance of PFOA and PFNA 

peaks, while indicative of a binding interaction, cannot lead to a conclusion as to 

its strength. In order to gain a more precise understanding of this interaction, a 

PFOS Ion Specific Electrode (ISE), was used to measure the binding constants 

between these sorption enhancers and PFOS. This also has the added benefit of 

confirming that PA and PDM are not only interacting this way with 

perfluorocarboxylates, but also with perfluorosulfonates.  
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Figure 3.2 19F-NMR spectra of a) 100 ppb PFHpA, b) 10 ppb PFHpA + 5000 mg/L PA, c) 100 

ppb PFHpA + 5000 mg/L PDM, d) 100 ppb PFOA, e) 100 ppb PFOA + 5000 mg/L PA, f) 100 

ppb PFOA + 5000 mg/L PDM, g) 100 ppb PFNA, h) 100 ppb PFNA + 5000 mg/L PA) 100 ppb 

PFNA + 5000 mg/L PDM. 
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Figure 3.3 19F-NMR chemical shift difference (∆δF) plotted against N, each carbon along the 

chain. (i.e. 6=CF3). Black diamonds represent ∆δF in the presence of PA and black squares 

represent ∆δF in the presence of PDM. 

 

3.3.2 RESULTS, PFOS ION SPECIFIC ELECTRODE (Evan Anderson) 

Binding models that predict 1:1 binding of surfactants to the individual charged 

repeat ionic units have previous been reported (Hayakawa 1982 et a., 1982; 

Hayakawa et al., 1983; Satake et al., 1976). In the present work, the methods 

previously reported are simplified. Binding of PFOS to the charged units of the 

polyquaternium polymers in a 1:1 stoichiometry is described by the following 

reaction: 

[PFOS]free + [R]free  [PFOS·R]  (3.1) 

where [PFOS]free is the free concentration of PFOS within the sample solution, 

[R]free is the free concentration of repeated charged units, and [PFOS·R] represents 
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a section of the sorption enhancer with a bound PFOS molecule. This equilibrium 

is characterized by the binding constant, K: 

K=[PFOS·R] / ([PFOS]free [R]free) (3.2) 

Equation 2 can be solved for [PFOS]free using the quadratic formula and algebraic 

manipulation, giving only one physically meaningful solution: 

[PFOS]free = −1+𝐾𝐾 [PFOS]total−𝐾𝐾[R]total+�4 𝐾𝐾 [PFOS]total+(1−𝐾𝐾 [PFOS]total+𝐾𝐾 [R]total)2

2 𝐾𝐾
        (3.3) 

Equation 3 describes [PFOS]free in a system where [PFOS]total and [R]total can be 

experimentally controlled, leaving only the binding constant, K, as a variable 

(Anderson et al. 2018). The response of an ISE in its working range, which is the 

electromotive force (emf), in mV, is defined by the simplified version of the Nernst 

equation at room temperature (25 °C) for monovalent anions as,  

emf = Eo’ – R𝑇𝑇
𝑧𝑧F

 ln[PFOS]free (3.4) 

where Eo is the standard potential of the electrochemical cell (including 

contributions from the reference electrode and the liquid junction to the sample, R 

is the ideal gas constant, T is the temperature, z the charge of the measured ion, 

F is Faraday’s constant, and aPFOS is the activity PFOS within a given sample 

(Bakker et al., 2004; Mousavi et al., 2013, Mousavi et al., 2016). Finally, insertion 

of the right-hand side of equation 8 for [PFOS]free in equation 4 gives equation 5. 

 

emf = Eo’ – R𝑇𝑇
𝑧𝑧F

 ln 

(−1+𝐾𝐾 [PFOS]total−K[R]total+�4 𝐾𝐾 [PFOS]total+(1−𝐾𝐾 [PFOS]total+𝐾𝐾 [R]total)2

2 𝐾𝐾
) 

(3.5) 
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Equation 5 shows that, for a given [R]total, the stronger the binding of PFOS to the 

sorption enhancer, the lower the detected PFOS concentration and, because of 

the negative charge of PFOS (z = –1), the higher the emf. The polyelectrolyte binds 

to the PFOS that is transferring continuously at very low concentrations out of the 

sensing membrane into the sample (referred to here as [PFOS]limit). In order to 

include the limit of detection in the fitting model, an additional term, [PFOS]limit, is 

added to equation 5, giving: 

 

emf = Eo’ – R𝑇𝑇
𝑧𝑧F

 ln ([[PFOS]limit +

−1+𝐾𝐾 [PFOS]total−K[R]total+�4 𝐾𝐾 [PFOS]total+(1−𝐾𝐾 [PFOS]total+𝐾𝐾 [R]total)2

2 𝐾𝐾
) 

(3.6) 

 

 Data collected during additions of KPFOS to 10 mM sodium bicarbonate 

solutions was used to determine the standard potential, Eo’, using equation 6. 

Once the highest concentration of PFOS was reached, polyelectrolyte was added 

to the sample solution, which caused the emf to increase as the [PFOS]free 

decreased. The experimental data exhibits the same trend as predicted by 

equation 6 where the emf rises with increasing sorption enhancer concentrations. 

Data for addition of either PDM or PA into solutions of constant [PFOS]total were 

collected with three separate ISEs. Equilibrium constants for binding of PFOS to 

PDM and PA were calculated to be 2.7 ± 0.6 × 105 M-1 and 6.4 ± 0.7 × 105 M-1, 

respectively. 

 In order to more closely simulate environmental conditions relevant to 

PFOS sequestration, soil from Tinker Airforce Base was first equilibrated with 



 

 

52 

polyquaternium polymers in 10 mM NaHCO3 at pH=7 for one week before the 

mixture thereof was added to buffered solutions containing PFOS. However, PFOS 

was found not to bind to Tinker soil in the absence of polyquaternium polymers 

when buffered soil mixtures were added into solution of constant [PFOS]total. 

Potentials during the addition of soil remained constant within ±1 mV, indicating no 

change in [PFOS]free.  

 Binding of polyquaternium polymers to soil has been studied in detail in a 

previous study at the same concentration range used here. This binding leads to 

a reduction of the concentration of the sorption enhancer in solution. However, soil 

bound sorption enhancer may also bind PFOS although with an affinity that may 

be different from that of the dissolved polymer. If it is assumed that the PFOS 

affinity of soil-bound sorption enhancer is lower than that of dissolved sorption 

enhancer (or, in the limiting case, that the soil-bound sorption enhancer does not 

bind PFOS at all), it follows that an increase in the system concentration of the 

sorption enhancer (which comprises soil-bound sorption enhancer as well as 

dissolved polymer) is needed to bind the same amount of PFOS as in soil-free 

systems. For each sorption enhancer, the concentration of enhancer needed to 

bind a given amount of PFOS increased as a result of the presence of soil.  

In order to fit the experimental data, the previous reported binding values of 

polyquaterniums polymers to soil were used (Chapter 2). 97.9% and 98.5% of 

PDM and PA, respectively, are bound to soil at the concentrations used in this 

study. With the majority of each sorption enhancer bound to soil, the concentration 

of charged repeat units free in solution is not large enough to bind PFOS based on 
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the binding constants determined for soil-free conditions. Therefore, it can be 

concluded that PFOS also binds to soil-bound polymer. Experimental data was 

fitted to equation 6 using the reduced concentration of charged repeat units (97.9% 

or 98.5% of the total concentration of PDM and PA respectively). Equilibrium 

constants for binding of PFOS to soil-bound PDM and PA were determined to be 

9.3 ± 0.6 × 104 M-1 and 7.3 ± 1.2 × 104 M-1, respectively. Binding constants were 

decreased 3-fold and 9-fold for PDM and PA respectively. Although these binding 

constants are significantly reduced, it is important to note that in these solutions, 

PFOS is bound to sorption enhancer that is strongly retained on the soil particles 

allowing for filtration or removal of the soil and thereby PFOS. 

 The equilibrium constants determined for PFOS binding to PDM and PA in 

soil-containing samples can be used to determine concentrations of 

polyquaternium polymers needed to bind targeted fraction of PFOS. As the 

desired fraction of bound PFOS increases, there is diminishing returns for any 

additional sorption enhancer added to the system. The concentration of unbound 

PFOS can be directly compared to the recommended EPA health advisory level 

of 70 parts per trillion (ppt), which corresponds to 1 ng/L or 1.86 pM. The input 

concentration of sorption enhancer bound to soil can be adjusted in order to 

achieve this concentration of PFOS (log10[1.86 pM] = -11.7), which is an 

acceptable contaminant concentration (≈ 0.1 nM) (Figure 3.8). A charged repeat 

unit concentration of 1 mM lowers PFOS contaminant concentrations of <0.1 nM 

to below the health advisory level. This 1 mM concentration of charged repeat 

units corresponds to a concentration of 0.46 μM or 0.16 g/L 
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poly(diallyldimethylammonium). Concentrations above this range could be used 

to provide a barrier that is able to effectively reduce the concentration of PFOS 

over successive exposures. 

3.4 CONCLUSION 

PFOA and PFNA peaks disappear in the presence of these sorption enhancers, 

which suggests a very strong binding interaction forming between the sorption 

enhancer and C-F chain. PFHpA peaks did not disappear however, which 

allowed for a conclusion to be reached as to the orientation of the C-F chain 

when bound to enhancers. Given the directional change in chemical shift (∆δF) 

for PFHpA, the mechanism may occur by the terminal carbon on the C-F chain 

(CF3) being most closely associated with PA and PDM, while the carboxylate 

head group is more free to associate with the aqueous phase (Figure 3.4). The 

result that PFOA and PFNA peaks disappear altogether suggests that longer 

chained PFCAs associate more strongly with PA and PDM than the shorter 

chained PFHpA.  

 Binding constants of PFOS to polyquaterniums PDM and PA were 

determined using a fluorous-phase ISEs. These ISEs were developed using a 

semi-fluorinated imidazolium as an anion-exchanger. These fluorous ISEs were 

found to provide sufficient selectivity for PFOS over background bicarbonate 

solutions. Using these electrodes, binding constants were determined by fitting 

emf data during the addition of polyquaterniums to solutions of PFOS with a 1:1 

model. These constants were determined to be 2.7 ± 0.6 x 105 M-1 and 6.4 ± 0.7 

x 105 M-1 for PDM and poly(epichlorohydrine-dimethyl) amine, respectively. This 
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is similar to other complexation coefficients found for PFOA and strong 

complexing agents (Weiss-Errico et al., 2015). The therefore determined binding 

constants were used to calculate concentrations of polyquaternium that can be 

used to reduce environmental relevant concentration of PFOS (≈ 0.1 nM) to 

below the EPA health advisory level. It was found that concentrations as low as 

1.37 mg/L can provide sufficient binding to achieve this goal.  

 

 
 

Figure 3.4 Diagram illustrating how PFHpA may be oriented when associated with sorption 

enhancers in solution. Based on directional change in 13F-NMR chemical shifts (∆δF), the 

mechanism may occur by the terminal carbon on the C-F chain (CF3) being most closely 

associated with the sorption enhancer, while the carboxylate head group is more free to 

associate with the aqueous phase. 
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Chapter 4: Weathering and Biodegradation of 

polyDADMAC and polyamine; Implications 

for long term efficacy of enhanced PFAS 

adsorption. 

 

Figure 4A Graphical Abstract 
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4.1 INTRODUCTION 

 There has been a strong effort to develop both in and ex-situ PFAS 

degradation and removal methods (Trojanowicz et al., 2018, Vecitis et al., 2009). 

In-situ remediation techniques often hold advantages over ex-situ including lower 

cost and quicker deployment (Kucharzyk et al., 2017). Lab scale studies 

involving advanced oxidation processes have yielded mixed results and are often 

difficult to deploy given optimal in-situ conditions. Likewise, in-situ reduction is 

difficult given the stability of the C-F chain and extreme conditions needed for 

operation (Hori et al., 2008, Ochoa-Herrera et al., 2008). PFOS and PFOA have 

been shown to be microbiologically inert and concentrations persist under 

biodegradation (Kumaraswamy et al., 2005; Liou et al., 2010). 

 An alternative to these in-situ remediation techniques, enhancing the 

adsorption of PFAS on natural soil thus immobilizing them, has been investigated 

previously. It was accomplished through the use of cationic coagulants as 

sorption enhancers (polydiallyldimethylammonium chloride [PDM] and a co-

polymer of epichlorohydrine and dimethyl amine [PA]) (Aly et al. 2018). The main 

mechanism behind the enhancement of PFAS sorption is hypothesized to be a 

strong binding interaction between PA or PDM and PFAS (Chapter 3). The long-

term behavior of these binding interactions is of concern since breakdown of 

sorption enhancers would likely reverse sorption enhancing interactions 

previously observed.  

 As previously discussed and reported by a number of publications, PFOA 

and PFOS are resistant to degradation by microbial activity (Kucharzyk et al., 
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2017; Kumaraswamy et al., 2005; Liou et al., 2010). There are a number of 

detailed studies investigating toxicity of PFAS on bacteria. PFOS and PFOA 

have toxic effects on E. coli resulting from membrane disruption, oxidative stress, 

and DNA damage (Liu et al., 2016). Activated sludge growth from municipal 

wastewater was inhibited by 39% by high concentrations of PFOS. However, 

these effects were observed at extremely high concentrations, so 

environmentally relevant concentrations are not expected to cause toxicity or 

inhibit activated sludge activity in the following study. Degradation of PDM by 

both aerobic and anaerobic cultures was reported by Chang et al. (2001). The 

results indicate that cationic monomers within the polymer were degraded while 

the CH2 backbone remained intact. While no similar studies were conducted 

specifically on the coagulant PA, the degradation of epichlorohydrin (a 

constituent of PA) by bacterial cultures derived from freshwater sediment was 

reported by Van Den Winjgaard et al. (1989). Given the biodegradability of PDM 

and potentially PA, the degradation of these polymers could result in the 

breakage of PA/PDM, leading to subsequent release of PFAS back into the 

aqueous phase.  

 To investigate this, a series of weathering, degradation and enhanced 

biodegradation reactors were constructed in conditions mimicking those of batch 

and column experiments discussed in Chapter 2. PA and PDM were mixed in 

batch reactors in the presence of 100 ppb each (total 600 ppb) of the 6 PFAS on 

the USEPA Unregulated Contaminant Monitored List 3 (UCMR3). Three different 

reactor conditions were set. The first is weathering or the spontaneous 
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degradation of the sorption enhancing polymers. The second is biodegradation, 

where the bacteria of a natural soil (Tinker Soil) was evaluated. The last is 

enhanced biodegradation, where activated sludge from the Metropolitan Council 

Wastewater Treatment Facility (St. Paul, MN) was used. 

4.2 MATERIALS AND METHODS 

4.2.1 Chemicals 

PA and PDM were purchased from Accepta (Manchester, UK). PFOS 

(>98%) and PFOA (>96%) and isotopically labeled standards;13C8-PFOA (99%), 

13C8-PFOS (99%),18O2-PFHxS (99%), 13C3-PFHxS (99%), 13C4-PFOS (99%) and 

13C4- PFHpA (99%) were purchased from Cambridge Isotope Laboratories 

(Andover, MA). PFBS (99%), PFHxS (99%), PFHpA (>98%), and PFNA (>98%) 

and isotopically labeled standards 13C5-PFNA (99%) and 13C9-PFNA (99%) were 

purchased from Wellington Laboratories (Ontario, CA). Stock Solutions of all and 

their labeled standards were made in Optima Grade Methanol (Fisher Scientific, 

Waltham, MA) at a concentration of 0.5 and 5 mg/L respectively. The solid 

material used in this study was excavated from Tinker Air Force Base (Oklahoma 

City, OK) by CH2M (Englewood, CO). Bulk density and porosity were determined 

by gravimetric methods. Soil was dried at 100 oC overnight then sieved between 

40-50 mesh. Polypropylene centrifuge tubes (50 mL) were used for batch tests 

while 2.5 x 10 cm glass borosilicate columns from Kimble Chase (Rockwood, TN) 

were used in column tests. Glass auto-sampler vials (2 mL) equipped with viton 

septa (ChromTech, Apple Valley, MN) were used for PFAS analysis to minimize 

potential contamination.  
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4.2.2 Materials  

 Soil was obtained from Tinker Air Force Base (TAFB), a Department of 

Defense Facility located in South Central U.S (Oklahoma City, OK). Activated 

sludge (AS) was collected in a 4 L plastic bottle from the aeration tank at the 

Metropolitan Council Waste Water Treatment Facility (St. Paul, MN). Total 

suspended solids (TSS) of the AS is approximately 2500-3000 mg/L. Simulated 

aerobic groundwater (SAGW) included the following (mg/L); K2HPO4 (95), 

KH2PO4 (150), Na2HPO4 (78), NaHCO3 (12), K2CO3 (40), MgCl2•6H2O (16.3), 

CaCl2•2H2O (11.8), FeCl2•4H2O (0.7), CoCl2•6H2O (0.05), KI (0.05), MnCl2•4H20 

(0.06), ZnCl2 (0.007), Na2MoO4•2H2O (0.01), H3BO3 (0.007), and NiCl2•2H2O 

(0.01) (Wilber & Parkin, 1995).   

4.2.3 Reactor Setup 

 Reactors were run under four different conditions; abiotic control, 

weathering, biodegradation, and enhanced. For each condition, there were 6 

different mixture types; blank, PFAS, PA, PDM, PA+PFAS, and PDM+PFAS 

(Table 4.1). For weathering experiments, 50 mL of 50 mM NaN3 were mixed with 

designated aqueous media composition. Weathering conditions were set with 

SAGW. For biodegradation experiments, a culture was prepared from Tinker 

Soil. 500 mL of soil were suspended in SAGW and shaken for 1 day. After the 

soil settled, supernatant was centrifuged for 4000 rpm for 15 minutes. The 

residual pellet was suspended in 150 mL SAGW and divided into 50 mL active 

reactors in triplicate. Enhanced biodegradation consisted of 5 mL activated 

sludge diluted 1:10 with simulated groundwater.  
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Table 4.1 Experiment table for biodegradation reactor set up. PFAS denotes 100 ppb of 

each PFHpA, PFOA, PFNA, PFBS, PFHxS and PFOS (600 ppb total). PA and PDM were both 

added at 5000 mg/L. Each reactor was run in triplicate.  

Condition Abiotic 
Control 

Weathering Biodegradation Enhanced 
Biodegradation 

Blank 50 mM 
NaN3 

SAGW Tinker Soil 
Culture 

Activated 
Sludge 

PFAS 50 mM 
NaN3 

+PFAS 

SAGW + 
PFAS 

Tinker Soil 
Culture + PFAS 

Activated 
Sludge + PFAS 

PA 50 mM 
NaN3 + PA 

SAGW + PA Tinker Soil 
Culture + PA 

Activated 
Sludge + PA 

PDM 50 mM 
NaN3 + 
PDM 

SAGW + 
PDM 

Tinker Soil 
Culture + PDM 

Activated 
Sludge + PDM 

PA+PFAS 50 mM 
NaN3 + 

PA+ PFAS 

SAGW + PA 
+ PFAS 

Tinker Soil 
Culture + PA + 

PFAS 

Activated 
Sludge + PA + 

PFAS 
PDM+PFAS 50 mM 

NaN3 + 
PDM + 
PFAS 

SAGW + 
PDM + 
PFAS 

Tinker Soil 
Culture + PDM + 

PFAS 

Activated 
Sludge + PDM 

+ PFAS 

 

 Reactors were prepared in 200 mL serum bottles covered with glass wool 

to allow the movement of air in and out of bottles. Bottles were placed on a 

shaker table (120 rpm) in an incubator at 30° C. Two 0.5 mL aliquots were 

removed from each reactor every 2 days and diluted with 50 mM NaN3 by either 

1:20 (to 10 mL) in a 15 mL centrifuge tube for TOC analysis or 1:2 (to 1 mL) in a 

2 mL glass LCMS auto-sampler vial for PFAS analysis. Prior to TOC analysis, 

samples were centrifuged for 4000 rpm for 30 minutes to separate biomass from 

the aqueous phase. Prior to subsampling, DO readings for each reactor were 

taken every minute for 15 minutes then every 5 minutes for 20 minutes following 
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aeration for 5 minutes. After 24 days, all reactors were spiked with 300 mg/L 

glucose. 

4.2.4 Analytical Methods 

 The concentration of PA or PDM in aqueous solution was measured as 

total organic carbon (TOC) using a Shimadzu TOC-L. Potassium hydrogen 

phthalate (KHP) was used as a calibration standard for non-purgeable organic 

carbon analysis. Samples were injected into a 680 °C catalytic oven in the 

presence of a Pt catalyst, oxidized to CO2, and measured by non-dispersive 

infrared detection (LOD: 4 µg/L). The instrument used an auto-dilution feature 

that measured the concentration of an initial injection and further diluted or 

changed the injection volume so that the area of subsequent samples would fall 

within the range of the calibration curve (20-400 mg/L).  

 Aqueous PFAS samples from the reactors were measured using an 

Agilent series 1050 high performance liquid chromatograph (HPLC) paired to a 

Hewlett-Packard series 1100 mass spectrometer (MS). A Betasil C18 (50 mm 

length × 2.1 mm i.d., 3 mm particle size) analytical column (Thermo-Scientific, 

Waltham MA) was used to achieve analyte separation. The mobile phase, 

delivered at a flow rate of 0.20 mL/min, consisted of 2.0 mM ammonium acetate 

in a mixture of water and methanol (9:1, v/v) (Eluent A) and 2.0 mM NH4CH3CO2 

in methanol (Eluent B). The A/B ratio was ramped linearly from 78/22 to 33/67 in 

the first 3 minutes, maintained for 1 minute, then changed linearly from 33/67 to 

0/100 over 4 minutes, and held for an additional 7 minutes (USEPA Method 537). 

To flush the column, the A/B ratio was ramped linearly from 0/100 back to 78/22 
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over 5 minutes, and then held for another 5 minutes. Mass to charge ratios (m/z) 

for the analytes on the UCMR3 List are: PFBS at m/z =299, PFHpA at m/z=363, 

PFHxS at m/z=399, PFOA at m/z=413, PFNA at m/z=463, PFOS at m/z=499. 

4.3 RESULTS AND DISCUSSION 

  sorption enhancer degradation graphs were created by plotting 

concentration of sorption enhancer over time (Figure 4.1). In abiotic controls 

neither PA nor PDM concentrations decreased significantly over a period of 2 

months. This would suggest that enhancer compounds do not spontaneously 

degrade in inert aqueous media. Furthermore, polymers in the presence of a 

bacterial culture prepared from Tinker soil yielded the same result. This is a 

favorable result in the context of in-situ application of PA and PDM. If enhancers 

are not degraded by bacteria native to Tinker Soil, this would imply that PFAS 

bound to enhancers will remain so for at least 2 months, even in a natural soil. A 

more extreme case of microbial activity (AS) was used to degrade PA and PDM. 

AS amended with PA and PDM was able to significantly decrease enhancer 

concentrations over time. 
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Figure 4.1 Decrease in PA and PDM concentrations as a measure of PFAS sorption 

enhancer degradation. Open circles represent enhancer alone (5000 mg/L). Filled circles 

enhancers in the presence of a culture prepared form Tinker Soil. Filled triangles represent 

enhancers in the presence of activated sludge. Solid squares represent enhancers in the 

presence of activated sludge as well as 600 ppb total PFAS. 

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40 50 60

[P
A]

 (m
g/

L)

Time (days)
PA Control PA+Tinker
PA+AS PA+AS+PFAS

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40 50 60

[P
DM

[ (
m

g/
L)

Time (days)
PDM Control PDM+Tinker
PDM+AS PDM+AS+PFAS



 

 

65 

 

Concentrations approached 0 mg/L after approximately 45 days. In the presence 

of PFAS, enhancer degradation rates were immediately reduced. Degradation 

seemed to halt at approximately 35 days, leaving a residual of 1600-1700 mg/L 

enhancer.  

 A potential explanation for the apparent inhibition of activity in the 

presence of PFAS is that PFAS may have a toxic effect on microbial activity. In 

fact, microbial PFAS toxicity has been exhibited before. (Beach et al., 2006; Liu 

et al., 2016). In these experiments, PFAS may be bound to enhancers in solution 

(Chapters 2 and 3). The degradation of the enhancers could cause PFAS release 

leading to higher toxicity. However, toxic effects of PFAS on bacteria have been 

observed at concentrations much higher than used in these experiments. PFAS 

toxicity on bacteria at lower and environmentally relevant concentrations has not 

been previously observed (Ochoa-Herrera et al., 2016). Therefore, an alternate 

reasoning is proposed. It is possible that PFAS bound to enhancers are blocking 

bacteria from gaining complete access to enhancer molecules thus inhibiting 

respiration. In this case, without continued addition of organic matter for bacteria 

to degrade, there is less opportunity for respiration. In order to more thoroughly 

observe respiration, DO degradation rates were measured over time. This also 

allows us to compare microbial activity between reactors with and without 

enhancers added.  

 After two days of exposure, all reactors were able to completely remove 

DO after 20 minutes (Figure 4.2 a). There is not any observable toxicity 
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measured by DO removal as a result of PFAS contamination. This is consistent 

with previous findings that at these concentrations, PFOS and PFOA are not 

toxic at these levels (Beach et al., 2006). All residual DO levels were confirmed 

as 0 mg/L. After four days, DO was completely removed by all reactors 

containing activated sludge after 3-9 minutes (AS+PDM < AS+PDM < 

AS+PA+PDM < AS+PA+PFAS < AS < AS+PFAS) (Figure 4.2 b). However, times 

to reach 0 mg/L DO were not different form each other, even though there is 

some separation appearing between the curves. After ten days, DO removal 

rates are slowed significantly, and there is a pattern emerging in DO removal 

curves (Figure 4.2 c). This coincides with enhancer concentrations decreasing to 

approximately half their initial quantity (Figure 4.1). Curves of AS alone and 

AS+PFAS do not completely remove DO after 35 minutes, leaving a residual DO 

value of 5.2 and 5.8 mg/L. AS +PA+PFAS and AS+PDM+PFAS removed more 

DO than AS+PFAS however there was also a residual DO of 2.8 and 3.2 after 35 

minutes. AS in the presence of enhancers alone (AS+PA and AS+PDM) 

completely removed DO after 10 minutes, albeit slower than DO removal at 4 

days. Although PFAS toxicity appears the most straight forward explanation of 

this pattern, PFAS toxicity has not been previously reported at these 

concentrations. Therefore, an alternate explanation is proposed; as enhancers 

not bound to PFAS are degraded, the remaining organic matter (bound to PFAS) 

is more difficult for bacteria to degrade, leading to slower DO removal rates. So 

as PFAS free enhancers are degraded, PFAS bound enhancers are what 

remain.  
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Figure 4.2 Dissolved oxygen removal by activated sludge mixtures at 2 (a), 4 (b) and 10 (c) 

days. Filled black circles represent activated sludge alone. Open circles represent 

activated sludge in the presence of 600 ppb total PFAS. Filled and open squares represent 

activated sludge in the presence of PA and PDM at 5000 mg/L respectively. Filled and open 

triangles represent activated sludge in the presence of both PFAS (600 ppb) and either PA 

or PDM (5000 mg/L). respectively.  
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Figure 4.2. Continued  
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The nature of the PFAS/enhancer binding interaction could render the sorption 

enhancer more difficult to degrade by blocking certain sites that are necessary to 

initiate degradation. If this is true, then feeding bacteria with a pulse of excess 

organic matter (i.e. glucose) should restore respiration rates to resemble peak 

DO removal. 

 After 24 days and spiking in glucose at 300 mg/L, respiration increased 

dramatically (Figure 4.3). All reactors completely removed DO after 2-3 minutes, 

consistent with patterns seen in Figure 4.2 b. AS+PFAS and glucose showed no 

difference in respiration rates between other reactors with added enhancers, 

suggesting that in fact PFAS are not toxic to bacteria at these concentrations. So, 

even though all enhancer was not completely removed in reactors with added 

PFAS, the PFAS may not have been directly inhibiting microbial activity. They 

may have been blocking the degradation of the enhancers by some other 

mechanism.  

4.4 CONCLUSION 

From TOC degradation experiments, PA and PDM did not degrade 

spontaneously or in the presence of bacteria native to Tinker Soil over two 

months. This is promising for the in-situ application of PA and PDM, as long term 

stability of enhancer/PFAS interaction is necessary for long-term sequestration. 

In activated sludge, the much higher level of microbial was able to degrade the 

polymers. Furthermore, when polymers and PFAS were mixed with activated 

sludge, less degradation of the polymers was observed. Although initially, it may 
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seem that PFAS have toxic effects on activated sludge organisms, it would be 

unlikely at these concentrations.  

 Measuring DO levels over time gave more insight into the behaviors of 

these mixtures. Much like TOC results, DO removal was slowed the presence of 

PFAS. However, after 10 days, DO removal without added PFAS was slowed as 

well, albeit not as dramatically. This suggests that as polymers are being 

removed, there is less organic matter for microbial activity to continue as before. 

DO removal rates were recovered to levels similar to peak respiration after the 

addition of glucose, supporting that PFAS are not toxic at these levels. Rather, it 

may be that the nature of the binding interaction between PFAS and PA/PDM is 

resulting in less bioavailability of the organic matter. Thus reparation rates are 

reduced.   
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Figure 4.3 Dissolved oxygen removal by activated sludge mixtures at 24 days, after 

spiking with 300 mg/L glucose. Filled black circles represent activated sludge alone. Open 

circles represent activated sludge in the presence of 600 ppb total PFAS. Filled and open 

squares represent activated sludge in the presence of PA and PDM at 5000 mg/L 

respectively. Filled and open triangles represent activated sludge in the presence of both 

PFAS (600 ppb) and either PA or PDM (5000 mg/L). respectively.  

 
 
 PFAS concentrations were measured over time to observe if there was 

sustained release (Figure 4.4). There was an immediate drop in PFAS 

concentrations after 2 days. This is likely due the adsorption of PFAS onto 

activated sludge along with sorption enhancement from the addition of PA and 

PDM. Bio-sorption of PFOS, PFOA and PFOS has been previously reported on 

anaerobic activated sludge (Ochoa-Herrera et al., 2008). Aerobic activated 

sludge has also shown capacity to adsorb PFOS, PFOA and shorter chained 

PFAS (Zhou et al., 2010). Yu et al. studied the adsorption of PFOS and PFOA on 

activated sludge at concentrations closer to those used here (2011). KD for PFOS 

and PFOA was reported at 729 and 154 L/kg respectively. KD for PFOS and 

PFOA on activated sludge for these experiments were calculated by difference; 

267 and 56 L/kg. Although less than reported by Yu et al., these values are on 

the same order of magnitude. There may be many factors influencing the 

sorption of PFOS and PFOA including pH, temperature, TSS among others.  

 Although there is apparent PFAS release off of activated sludge alone, 

this is may be due to the effects of decreasing organic carbon and breakdown of 

enhancers. A major factor of PFAS sorption is organic carbon content (Higgins 
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and Luthy, 2006). If left unfed, the organic carbon content in the AS only reactor 

will decrease, resulting in less material available for hydrophobic interaction. 

There is not a significant release of PFAS in the presence of PA and PDM, which 

is a favorable result suggesting that the binding interaction between PFAS and 

enhancers is strong enough to remain intact for at least 50 days in the presence 

of microbiological activity. This is further confirmation that PFAS release was not 

the cause of slowed TOC degradation and DO removal rates. Instead, a more 

likely mechanism behind this result is that PA and PDM are less accessible by 

bacteria for degradation when bound by PFAS. 

 
 

Figure 4.4 PFAS concentrations over time, plotted as sum of total PFAS (ppb) vs time 

(days). Filled circles represent activated sludge alone. Filled squares represent activated 

sludge in the presence of PA. Open squares represent activated sludge in the presence of 

PDM.   
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4.4 CONCLUSIONS 

From TOC degradation experiments, PA and PDM did not degrade 

spontaneously or in the presence of bacteria native to Tinker Soil over two 

months. This is promising for the in-situ application of PA and PDM, as long term 

stability of enhancer/PFAS interaction is necessary for long-term sequestration. 

In activated sludge, the much higher level of microbial activity was able to 

degrade the polymers. Furthermore, when polymers and PFAS were mixed with 

activated sludge, less degradation of the polymers was observed. Although 

initially, it may seem that PFAS have toxic effects on activated sludge organisms, 

it would be unlikely at these concentrations.  

Measuring DO levels over time gave more insight into the behaviors of these 

mixtures. Much like TOC results, DO removal was slowed the presence of PFAS. 

However, after 10 days, was was DO removal without added PFAS, albeit not as 

dramatically. The suggestion behind this observation is that as polymers are 

being removed, there is less organic matter for microbial activity to continue as 

before. This was tested by adding glucose at 24 days. DO removal rates were 

recovered to levels similar to peak respiration before the addition of glucose. This 

is further supporting that PFAS are not toxic at these levels. Rather, it may be 

that the nature of the binding interaction between PFAS and PA/PDM is resulting 

in less bioavailability of the organic matter. Thus reparation rates are reduced.  
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Chapter 5: Conclusions and 

Recommendations for Future Work. 

5.1 CONCLUSIONS 

 PFAS are a class of bio-accumulative, toxic and highly persistent 

contaminants that pose an important environmental and human health problem. 

The objectives of this thesis are to develop a novel in-situ remediation technique 

and describe its mechanism and long term behavior. Chapter 2 investigated 

PFAS adsorption enhancing capabilities of PDM and poly(epichlohydrin-dimethyl) 

amine onto natural soil. Chapter 3 explored the mechanism of the binding 

interaction between PFCAs and enhancers (19F-NMR) and the complex formation 

between PFOS and PA/PDM (PFOS ISE). Chapter 4 observed the long term 

behavior of the sorption enhancement interaction between PA/PDM and both 

spontaneously and in the presence of microbial activity. The major findings and 

conclusions reached in each chapter are: 

5.1.1 Chapter 2  

  Batch tests showed a significant increase in KD values, in the presence of 

either PA or PDM and normalizing adsorption to organic carbon content did not 

explain the increased adsorption to this soil indicating sorption enhancement 

resulting from mechanisms other than hydrophobic interactions. Similar results 

were observed in column studies. Column results showed PDM significantly out-

preforming PA for all PFAS except PFOA and PFNA. Desorption studies suggest 

that PFAS sorption using this method is not easily reversible, which is a desirable 
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quality for long term in-situ sequestration of PFAS and containment of 

groundwater plumes.  

5.1.2 Chapter 3 (Contributed to by Evan Anderson)  

 PFOA and PFNA peaks disappear in the presence of these sorption 

enhancers suggesting a strong binding interaction. Given the directional change 

in chemical shift (∆δF) for PFHpA, the mechanism may occur by the terminal 

carbon on the C-F chain (CF3) being most closely associated with PA and PDM, 

while the carboxylate head group is more free to associate with the aqueous 

phase.  

 Binding constants of PFOS to polyquaterniums PDM and PA were 

determined using a fluorous-phase ISEs. Using these electrodes, binding 

constants were determined by fitting emf data during the addition of 

polyquaterniums to solutions of PFOS with a 1:1 model. These constants were 

determined to be 2.7 ± 0.6 x 105 M-1 and 6.4 ± 0.7 x 105 M-1 for PDM and 

poly(epichlorohydrine-dimethyl) amine, respectively. This is similar to other 

complexation coefficients found for PFOA and strong complexing agents (Weiss-

Errico et al., 2015). This model was used to calculate that enhancer 

concentrations as low as 1.37 mg/L can provide sufficient binding to achieve this 

goal reduction of environmentally relevant concentrations to below the USEPA’s 

Health Advisory limit.  

5.1.3 Chapter 4  

 PA and PDM do not degrade spontaneously or in the presence of bacteria 

native to Tinker Soil over two months, a promising result for the in-situ application 
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of PA and PDM. A much higher level of microbial was able to degrade the 

enhancers. Mixing enhancers and PFAS resulted in less degradation of the 

enhancers. At these concentrations PFAS toxicity on bacteria is unlikely. Much 

like TOC results, DO removal was slowed the presence of PFAS. However, after 

10 days, DO removal without added PFAS was slowed as well, albeit not as 

dramatically. The suggestion behind this observation is that as polymers are 

being removed, there is less organic matter for microbial activity to continue as 

before. This was tested by adding glucose at 24 days. DO removal rates were 

recovered to levels similar to peak respiration before the addition of glucose. This 

is further supporting that PFAS are not toxic at these levels. Rather, it may be 

that the nature of the binding interaction between PFAS and PA/PDM is resulting 

in less bioavailability of the organic matter. Thus respiration rates are reduced.   

5.2 RECOMMENDATIONS FOR FUTURE WORK 

 
Following are suggestions for future areas of research that would improve our 

understanding of PFAS and PA/PDM interaction as an in-situ remediation 

method.  

5.2.1 CO-CONTAMINATION, COMPETITION AND SORPTION  

 PFAS are known to compete with each other for active sites on sorptive 

media. PFAS adsorption competition in the presence of sorption enhancers could 

be a valuable subject to study that could lead to further insight into how these 

sorption enhancers will behave. Furthermore, PFAS contamination is often 

detected in groundwater along with contamination of petroleum hydrocarbons 
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and other concerning co-contaminants. The co-contaminants could also compete 

with PFAS and decrease the efficacy of PA/PDM as PFAS sorption enhancers.  

 Additionally, further information is needed as to how to optimize the 

implementation of PA/PDM to enhance PFAS sequestration. Complexation study 

results (Chapter 3) indicate that a much lower concentration of sorption enhancer 

is capable of complexing PFOS in solution. If this is true, it would reduce the 

costs of deploying these enhancers in the field, making the treatment method 

much more efficient. Furthermore, perfluorinated substances are not the only 

class of contaminants presenting this problem. Polyfluorinated analogs are less 

persistent but detected frequently and are eventually oxidized into fully 

fluorinated compounds. Supplementary experiments with polyfluorinated 

contaminants could prove useful showing that PA/PDM amendment is a more 

versatile PFAS treatment method.    

5.2.2 TREATMENT TRAIN PILOT STUDY IN MINNESOTA 

 As the addition of PA and PDM is intended to be and in-situ remediation 

technique, further research is needed into how PA and PDM can be directly 

implemented to a PFAS contaminated aquifer. PFAS occurrence in Minnesota’s 

waterways has still not been fully delineated. Despite 3M’s phase out of PFOS 

and PFOA, there is still substantial potential for PFAS groundwater 

contamination in Minnesota. There are historical sites of AFFF use in Duluth and 

Bemidji. Further contamination due to the proximity of 3M’s chemical plant is 

possible in the East Metro Area of Minneapolis. These are areas of potential 

ground and surface water contamination that need to be further characterized. If 
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PFAS contamination is discovered, this would be a possible area of PA/PDM 

application as a remediation measure. Moreover, different PFAS remediation 

methods are often used in conjunction with others as part of a ‘treatment train’. 

This is done because while one method may be effective at one stage, a different 

could be more efficient at a later stage. The use of PA and PDM in a treatment 

train could make other remediation efforts, either in- or ex-situ more effective. 

This would overall make PFAS treatment more efficient, contributing to the field.  

5.2.3 ADSORPTION MECHANISTIC INVESTIGATION 

 Given that previous literature has only explored the complexation of 

PFCAs with 19F-NMR, PFSA spectra in the presence of PA and PDM could be 

valuable knowledge and a further validating result of PFAS-PA/PDM 

complexation. To gain further understanding of this interaction, a titration of PA 

and PDM into a solution containing PFAS could ‘catch’ the action of enhancers 

binding PFAS as measured by peaks decreasing in size.   

5.2.4 EXTENDED LONG-TERM BEHAVIOR 

 In this thesis, time constraints allowed for weathering, biodegradation and 

activated sludge experiments to be conducted for only two months. A larger scale 

microcosm study would give valuable results. The results from experiments 

presented in this thesis suggest that PFAS sequestration by PA and PDM is 

possible for at least two months. Full scale remediation projects often take longer 

than this. So a long term study into how long effective PA and PDM are as an in-

situ PFAS remediation technique would be important. 
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Appendix A: Supplementary Data for Chapter 2 

 
Isotherm Comparisons 

 
Comparison of KD PFBS on Tinker 

 
 control-PDM control-PA PA-PDM 
S 0.275809087 0.268536051 0.348347695 

t -4.43223005 
-

3.845237865 -0.5450426 
df 10 10 10 
alpha 0.05 0.05 0.05 
p 0.001269722 0.003237284 0.597669282 
t-crit 2.228138852 2.228138852 2.228138852 
sig yes yes no 

 
 
 

Comparison of KD PFHxS on Tinker 
 

 control-PDM control-PA PA-PDM 
S 0.210727326 0.300859528 0.349330226 

t 
-

7.140207151 
-

3.875453767 
-

0.969482582 
df 10 10 10 
alpha 0.05 0.05 0.05 
p 3.14118E-05 0.003081662 0.355168142 
t-crit 2.228138852 2.228138852 2.228138852 
sig yes yes no 

 
 
Comparison of KD PFHxS on Tinker 
 

 control-PDM control-PA PA-PDM 
S 1.401853382 0.544967082 1.42134759 

t 
-

5.211504802 
-

2.751418998 
-

4.085090016 
df 10 10 10 
alpha 0.05 0.05 0.05 
p 0.000394683 0.020428435 0.002196387 
t-crit 2.228138852 2.228138852 2.228138852 
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sig yes yes yes 
Comparison of KD PFHpA on Tinker 
 

 control-PDM control-PA PA-PDM 
S 0.360043053 0.341480382 0.493303085 

t 
-

4.170966349 
-

2.251658856 -1.48555757 
df 10 10 10 
alpha 0.05 0.05 0.05 
p 0.00191502 0.048044168 0.155658724 
t-crit 2.228138852 2.228138852 2.228138852 
sig yes yes yes 

 
 
Comparison of KD PFOA on Tinker 
 

 control-PDM control-PA PA-PDM 
S 1.003970086 0.734822853 1.197838491 

t 
-

4.899205061 
-

12.65376614 3.656270231 
df 10 10 10 
alpha 0.05 0.05 0.05 
p 0.000623854 1.77121E-07 0.004416245 
t-crit 2.228138852 2.228138852 2.228138852 
sig yes yes yes 

 
Comparison of KD PFNA on Tinker 
 

 control-PDM control-PA PA-PDM 
S 0.941947669 0.486077576 1.043309248 
t 3.88175955 1.908514016 2.6154551 
df 10 10 10 
alpha 0.05 0.05 0.05 
p 0.003050184 0.0008541415 0.00032948 
t-crit 2.228138852 2.228138852 2.228138852 
sig yes yes yes 
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Column Breakthrough Curve Fits 
 
PFBS CONTROL 
 

          
Constants     Parameters   

L 13   D 0.273 
Vp 29.30   R 1.61 
Q 0.12       
u 0.05   nRMSE 11.14% 
      r2 0.9796 
          

 
PFBS PA 
 

          
Constants     Parameters   

L 13   D 0.005 
Vp 29.30   R 9.61 
Q 0.12       
u 0.05   nRMSE 5.70% 
      r2 0.9889 
          

 
PFBS PDM 
 

Constants     Parameters   
L 13   D 0.003 

Vp 29.30   R 10.61 
Q 0.12       
u 0.05   nRMSE 4.30% 
      r2 0.9897 
          

 
 
 
 
 
 
 
 
 
PFHXS CONTROL 
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Constants     Parameters   
L 13   D 0.033 

Vp 29.30   R 3.61 
Q 0.12       
u 0.05   nRMSE 6.20% 
      r2 0.9838 
          

 
PFHXS PA 
 

Constants     Parameters   
L 13   D 0.003 

Vp 29.30   R 10.64 
Q 0.12       
u 0.05   nRMSE 5.11% 
      r2 0.9854 
          

 
PFHXS PDM 
 

Constants     Parameters   
L 13   D 0.002 

Vp 29.30   R 12.14 
Q 0.12       
u 0.05   nRMSE 3.74% 
      r2 0.9923 
          

 
PFOS CONTROL 
 

Constants     Parameters   
L 13   D 0.053 

Vp 29.30   R 4.60 
Q 0.12     5 
u 0.05   nRMSE 12.25% 
      r2 0.9392 

 
 
 
 
PFOS PA 
 

Constants     Parameters   



 

 

100 

L 13   D 0.053 
Vp 29.30   R 4.60 
Q 0.12     5 
u 0.05   nRMSE 12.25% 
      r2 0.9392 

 
PFOS PDM 
 

Constants     Parameters   
L 13   D 0.003 

Vp 29.30   R 24.50 
Q 0.12       
u 0.05   nRMSE 3.25% 
      r2 0.9897 
          

 
PFHPA CONTROL 
 

Constants     Parameters   
L 13   D 0.053 

Vp 29.30   R 1.40 
Q 0.12     5 
u 0.05   nRMSE 7.98% 
      r2 0.9658 
          

 
PFHPA PA 
 

Constants     Parameters   
L 13   D 0.009 

Vp 29.30   R 4.75 
Q 0.12       
u 0.05   nRMSE 7.25% 
      r2 0.9804 
          

 
 
 
 
PFHPA PDM 
 

Constants     Parameters   
L 13   D 0.018 
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Vp 29.30   R 5.30 
Q 0.12       
u 0.05   nRMSE 6.17% 
      r2 0.9794 
          

 
PFOA CONTROL 
 

Constants     Parameters   
L 13   D 0.018 

Vp 29.30   R 2.60 
Q 0.12       
u 0.05   nRMSE 8.39% 
      r2 0.9838 
          

 
PFOA PA 
 

Constants     Parameters   
L 13   D 0.018 

Vp 29.30   R 8.50 
Q 0.12       
u 0.05   nRMSE 5.13% 
      r2 0.9858 
          

 
PFOA PDM 
 

Constants     Parameters   
L 13   D 0.020 

Vp 29.30   R 3.20 
Q 0.12       
u 0.05   nRMSE 4.72% 
      r2 0.9912 
          

 
 
 
PFNA CONTROL  
 

Constants     Parameters   
L 13   D 0.015 

Vp 29.30   R 10.30 
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Q 0.12       
u 0.05   nRMSE 4.39% 
      r2 0.9869 
          

 
PFNA PA 
 

Constants     Parameters   
L 13   D 0.007 

Vp 29.30   R 8.50 
Q 0.12       
u 0.05   nRMSE 5.72% 
      r2 0.9856 
          

 
PFNA PDM 
 

Constants     Parameters   
L 13   D 0.009 

Vp 29.30   R 11.50 
Q 0.12       
u 0.05   nRMSE 5.39% 
      r2 0.9817 
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Appendix B: Supplementary Data for Chapter 4 

Individual PFAS release in Activated Sludge 
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