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Abstract 

Fluorotelomer compounds (FTCs) and their transformation products are routinely detected in 

landfill leachate, their environmental fate and transformation in leachate are unknown. This study 

focused on measuring bio- and phototransformation of spiked FTCs in landfill leachate, using lab-

scale experiments under environmentally relevant conditions. Spiked 8:2 fluorotelomer alcohol 

(FTOH) and 6:2 fluorotelomer sulfonate (FTS) and their known biotransformation products were 

quantified in sediment-leachate microcosms and their headspaces over 90 days. The results showed 

that 8:2 FTOH and 6:2 FTS persisted (half-life >>30 d) in landfill leachate-sediment microcosms. 

Slower biotransformation led to significant partitioning of semi-volatile 8:2 FTOH to the gas 

phase, suggesting that landfills may act as secondary sources for semi-volatile FTOHs in the 

environment. C6 – C8 and C4 – C6 perfluorocarboxylic acids (PFCAs) were the most abundant 

products for 8:2 FTOH and 6:2 FTS, respectively.  

The effect of organic carbon and ammonia concentrations in 6:2 FTS biotransformation and PFCA 

formation were investigated with sediment microcosms, to which deionized water (DI) and various 

amounts of leachate were added. Greater biotransformation of 6:2 FTS was observed in leachate-

added microcosms, compared to DI microcosms, likely reflecting substrate dependency of 6:2 FTS 

biotransformation. Substrate limiting conditions in DI microcosms resulted in a slightly higher 

formation of (C4 – C6) PFCAs compared with leachate added microcosms. 

To understand roles of microbial communities (e.g., heterotrophic, autotrophic) in 6:2 FTS 

biotransformation and PFCA production, experiments were carried out with specific substrates 

(i.e., glucose, ammonia) and ammonia-oxidizing inhibitor (allylthiourea) using inoculum prepared 

from sediment. Both heterotrophic and autotrophic bacteria were able to biotransform 6:2 FTS to 

varying extents. Greater biotransformation of 6:2 FTS and C4 – C6 PFCAs formation were 

observed in the presence of ammonia oxidizers, indicating that biological nitrification is likely to 

increase 6:2 FTS biotransformation and PFCA production.  

Phototransformation of 6:2 FTS and PFCA production were investigated in leachate under 

simulated sunlight. The results showed that 6:2 FTS was undergoing indirect photolysis in leachate 
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(half-life of ∽15 days), suggesting indirect photolysis of 6:2 FTS is likely a relevant transformation 

pathway in sunlit aquatic environments.  
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Lay Summary 

Fluorotelomer compounds (FTCs) are widely used in waterproofing surface protection layers in 

consumer products and packaging. At the end of their useful lives, consumer products containing 

FTCs are disposed of at landfills. With time, FTCs are released into the landfill leachate and enter 

the aquatic environment through leachate disposal. FTCs can undergo transformations and produce 

persistent organic pollutants like perfluorocarboxylic acids (PFCAs) in leachate. Concerns exist 

regarding the adverse effects of FTCs and PFCAs on human and ecological health.  

This study investigated the transformation processes of FTCs in landfill leachate by bacterial 

communities (biotransformation) and in the presence of sunlight (phototransformation). The 

research findings provided a better understanding of the fate of FTCs and transformation products 

formation in landfill leachate. The valuable insights provided by this study would allow more 

realistic risk assessment and development of effective exposure mitigation strategies FTCs and 

PFCAs.  
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Chapter 1: Introduction 

1.1 Background 

Fluorotelomer compounds (FTCs) belong to a class of important industrial chemicals known as 

poly- and perfluoroalkyl substances (PFASs). FTCs are widely used in the synthesis of fluorinated 

surfactants and side-chain fluorotelomer-based polymers (FTPs). FTC comprises a fluorinated 

chain consisting of an even number of fluorinated carbons (usually between 2 and 12) attached to 

two nonfluorinated carbons and a functional group, such as -OH or -SO3
- (Figure 1.1). Since the 

1970s’, FTPs have been applied as water repellents on a wide range of finished products (e.g., 

textiles, apparel, carpet, fabrics), as oil and grease repellents on paper and packaging industries, 

and in other surface applications (e.g., paints, adhesives, waxes, polishes, metals, electronics, and 

industrial cleaning products) (Buck et al., 2011).  

 

Figure 1.1 Chemical structure of fluorotelomer compounds (n=2-12, X= -OH,- SO3
-) and side-

chain fluorotelomer-based polymers. 

An increasing number of studies are showing endocrine disruptive activity of FTCs in fish 

(Liu et al., 2009; 2010a; Ishibashi et al., 2008) and human cells (Maras et al., 2006), as well as 

reproduction impairment in fish (Liu et al., 2010a) and rats (Mylchreest et al., 2005). Additionally, 

transformation of FTCs to perfluoroalkyl carboxylic acids (PFCAs) are well documented in 

various media, including activated sludge, soil, sediment (Zhao et al., 2013a, 2013b; Wang et al., 

2005; 2009), atmosphere (Ellis et al., 2004), rats (Fasano et al., 2008), humans (Gomis et al., 2017) 

and the atmosphere (Ellis et al., 2004). PFCAs, especially the long-chain (>C7) compounds, have 

attracted much attention due to ubiquitous detection in the environment (Houde et al., 2011; Kato 
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et al., 2011; Kannan et al., 2004), persistence, bioaccumulation potential and adverse effects in 

biota and humans. This has led manufacturers to shift toward short-chain (e.g., 6:2 FTS) 

compounds alternatives of legacy FTC (e.g., 8:2 FTOH). Based on the historical production 

volume of based FTCs and certain exposure scenarios, FTCs could contribute significantly to 

human and wildlife exposure to PFCAs (D'eon and Mabury, 2011).  

Most consumer products and packaging containing FTPs are disposed of at municipal landfills 

at the end of their useful lives. In many municipalities, sewage sludge from wastewater treatment 

plants (WWTPs), another source of FTCs, are landfilled (Guerra et al., 2014; Arvaniti et al., 2012). 

After a decade-long debate on the stability of FTPs, recent studies have shown that FTPs can 

undergo abiotic and biotic transformation under environmental conditions, (estimated half-life of 

8  ̶  100 years) releasing fluorotelomer monomers (i.e., fluorotelomer alcohol (FTOH), 

fluorotelomer sulfonate (FTS)) (Washington and Jenkins, 2015; Rhoads et al., 2008). The 

fluorotelomer monomers, with part of their carbon chains perfluorinated, can readily undergo bio- 

and phototransformation (half-lives of < 7 days) in the environment to form transformation 

products such as secondary FTOH, saturated and unsaturated fluorotelomer carboxylates and 

PFCAs (Liu and Meija-Avendano, 2013). Based on physio-chemical properties, some anionic, 

water-soluble transformation intermediates can be released with landfill leachate (Yan et al., 2015; 

Benskin et al., 2012); neutral compounds with low water solubilities and relatively high vapour 

pressures (e.g., secondary FTOHs) are also released to the surrounding air (Ahrens et al., 2011). 

Leachate collected from engineered landfills can be treated on-site or sent to WWTPs for off-site 

treatment using biological systems, before their final disposal in the surface water bodies 

(Townsend et al., 2015). However, biological processes are not able to mineralize these classes of 

contaminants and act as secondary sources of FTCs and their transformation products in the 

aquatic and terrestrial environment (Allred et al., 2015; Eggen et al., 2010). As solid wastes have 

been, and will continue to be landfilled, it is, therefore, critical to investigate landfills as long-term 

point sources of FTCs in the environment (Li et al., 2017; Washington et al., 2015a).  

1.2 Motivation for this research 

Degradability of FTCs has been studied using activated sludge (Zhao et al., 2013b; Wang et al., 

2012a), river sediment and soil (Liu et al., 2010b), pure (Key et al., 1998) and mixed bacterial 
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culture (Liu et al., 2010a; Fromel and Knepper, 2010). The findings clearly show that 

transformation outcomes vary substantially with different incubating matrices for the same 

compound (Liu and Meija-Avendano, 2013). To date, the mode and extent of transformation of 

FTCs are unknown in landfills. Transformation of the widely used fluorotelomer monomers (e.g., 

FTOH, FTS) in landfill leachate have never been investigated to the best of our knowledge. Hence, 

the fate and transport FTCs released with landfill leachate in the environment is unknown. 

Therefore, the overall goal of the proposed research is to study the transformation of FTCs and 

PFCAs formation in landfill leachate under environmentally relevant conditions.  

A short-chain FTC (6:2 FTS) has been chosen as the primary parent compound of interest, as 

6:2 FTS is increasingly replacing legacy long-chain fluorinated compounds (Yang et al., 2014; 

Poulsen et al., 2011). In addition, to better understand the effect of parent compound chain length 

and functional group on overall fate, an aerobic biotransformation study was conducted with 6:2 

FTS and 8:2 FTOH as described below. 

1.3 Objectives 

The following specific objectives will be addressed to achieve the overall goal of this study: 

1. A thorough literature review will be conducted to provide evidence of the research gaps 

(Chapter 2) 

2. Measuring aerobic biotransformation of FTCs (i.e., 6:2 FTS and 8:2 FTOH) and 

quantification of known transformation products in landfill leachate under an 

environmentally relevant condition (Chapter 3) 

3. Assessing the effect of substrate concentrations (e.g., organic carbon, ammonia) on 6:2 

FTS biotransformation and PFCAs formation in landfill leachate (Chapter 4) 

4. Investigating the role of bacterial communities (e.g., heterotrophic, autotrophic bacteria) 

in 6:2 FTS biotransformation and PFCAs formation in landfill leachate under aerobic 

condition (Chapter 5) 

5. Investigating phototransformation of 6:2 FTS and PFCA formation in leachate under 

simulated sunlight (Chapter 6) 
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1.4 Research plan 

 

Figure 1.2 Flow chart showing research plan and outcome 
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1.5 Thesis organization 

The thesis has been organized into seven chapters including this chapter, which provides a brief 

background and motivation for this research. The general and specific objectives of this study are 

also outlined in this chapter, together with a research plan.  

In Chapter 2, a critical review of existing publications is presented summarizing the 

occurrence of various classes of PFASs, including FTCs, and their sources in landfills, identifying 

temporal and geographical trends of PFASs in landfills; delineating the factors affecting PFASs in 

landfills. In addition, research gaps and future research directions are outlined. 

Chapter 3 presents a study on the aerobic biotransformation of FTCs (i.e., 8:2 FTOH and 6:2 

FTS) in landfill leachate-sediment system. The biotransformation products are identified, along 

with biotransformation rates and metabolite yields. The proposed biotransformation pathway is 

compared with previous studies. Additionally, biotransformation outcomes of 6:2 FTS and 8:2 

FTOH are compared to understand the effect chain length on PFCA production. 

In Chapter 4, the effect of organic carbon and ammonia on biotransformation of a short-chain 

fluorotelomer replacement compound (6:2 FTS), was investigated in leachate. Biotransformation 

experiments were conducted over 60 days with sediment collected from a landfill leachate ditch, 

to which deionized water and various amounts of leachate were added. Persistent 

biotransformation products (e.g., C4 – C6 PFCAs) are also quantified in microcosms with various 

organic carbon and ammonia concentrations. The microbial community composition was analyzed 

using 16S rRNA throughout the 60 days under all experimental conditions. 

Chapter 5 presents the role of various microbial communities (e.g., heterotrophic, autotrophic) 

towards fluorotelomer compound biotransformation. Using an inoculum prepared from the 

sediment of a leachate collection ditch, 6:2 FTS biotransformation experiments were carried out 

over 10 days. Specific substrates (i.e., glucose, ammonia) and ammonia-oxidizing inhibitor 

(allylthiourea) were used to produce four experimental runs with heterotrophic only, ammonia and 

nitrite oxidizer, nitrite oxidizer only and heterotrophic with ammonia and nitrite oxidizers. The 

formation of PFCAs was studied under four experimental conditions. Microbial community 

composition was analyzed using 16S rRNA under all experimental conditions.  
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Chapter 6 investigated the aqueous photolysis of 6:2 FTS in pH 7.1 phosphate buffer solution 

in the presence of humic acid and nitrate under simulated sunlight. In addition, photolysis of 6:2 

FTS was measured in landfill leachate under simulated sunlight. Known phototransformation 

products (i.e., PFCAs) are quantified as well.  

Chapter 7 summarizes the major findings of the current study and their implications for the 

environmental fate and transformation of FTCs in landfill leachate, followed by future research 

recommendations. 

1.6 Novelty and research contribution 

The novel transformation studies in leachate covered in this thesis provide valuable insight into 

the fate of FTCs in the environment. The biotransformation outcomes obtained under 

environmentally relevant conditions can be used to predict fate and transformation of FTCs during 

on-site and off-site treatment of leachate (e.g., evaporation pond, aerated lagoon, activated sludge 

system, constructed wetland), in the soil in case of subsurface contamination due to leachate 

migration. The transformation studies conducted with long-chain (8:2 FTOH) and short-chain (6:2 

FTS) fluorotelomer compounds shed light on their relative contributions as PFCA-precursors, 

thereby, assisting regulatory decisions on various FTCs. A better understanding of the effect of 

substrates would allow predicting FTC biotransformation and PFCA formation under various 

environmental conditions (e.g., seasonal change, leachate disposal in surface water, etc.). The 

differences in microbial communities under different experimental conditions in leachate 

microcosms can be used to predict responses of microbial communities during bioremediation 

processes. Discerning the role of heterotrophic and autotrophic bacteria in 6:2 FTS 

biotransformation and PFCA formation would be useful to predict and optimize the performance 

of biological treatment systems in terms of FTCs and PFCAs removal. Knowing the expected 

PFCA loading and their composition (short- versus long-chain) after biological processes, could 

enable the design of more efficient tertiary treatment systems. Phototransformation of 6:2 FTS in 

leachate under simulated sunlight, not previously studied, can be used to elucidate the 

transformation of FTCs in sunlit leachate, as well as in the aquatic environment. Considering the 

significance of landfills as secondary emission sources of PFASs in the environment, the overall 
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findings of this study are crucial for risk assessment and developing exposure mitigation strategies 

for PFASs in the environment. 
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Chapter 2: Literature Review 

2.1  Introduction 

Landfilling is the most common disposal method for end-of-life consumer products (Renou et al., 

2008). Engineered landfills are designed to contain solid waste and collect landfill leachate while 

preventing the migration of the contaminants to the groundwater. Among the emerging 

contaminants, poly- and perfluoroalkyl substances (PFASs), detected in landfill leachate, are 

receiving attention due to their persistence, bioaccumulation potential and adverse effects on biota 

and humans (Houde et al., 2011). PFASs are a diverse group of aliphatic compounds, where all 

the H atoms, except those in functional groups, attached to all C atoms (perfluoroalkyl) or in at 

least one C (polyfluoroalkyl) have been replaced by F atoms (Figure 2.1). Due to their unique 

surface-active properties and high chemical and thermal stability (Buck et al., 2011), PFASs are 

widely used in numerous consumer products (e.g. textiles, paper, non-stick cookware, carpets, 

cleaning agents) and industrial applications (e.g., metal plating, fire-fighting foams, electronics 

production, photography) (Arvaniti et al., 2014; Kissa, 2001). There is substantial concern over 

the persistence, bioaccumulation potential and possible adverse effects on animals and humans of 

perfluoroalkyl acids (PFAAs), a class of PFASs. Among the most commonly detected PFAAs in 

the environment, pefluorooctane sulfonate (PFOS) has been listed under Annex B of the 

Stockholm Convention Treaty on persistent organic pollutants (POPs) since 2009, prohibiting its 

production and use, except for a few exemptions. In May 2019, perfluorooctanoic acid (PFOA) 

was placed on the list of substances to be eliminated under the International Stockholm Convention 

Treaty on POPs (Stockholm Convention, 2019, Annex A). While PFAAs may be directly released 

into the environment during production, usage and disposal, polyfluoroalkyl substances - the 

“precursors” can also be transformed abiotically or biotically into PFAAs (Figure 2.1). 

A variety of consumer products (e.g., paper, textiles, and carpets) and packaging containing 

PFAAs and their precursors are sent to municipal landfills at the end of their useful lives. In many 

municipalities, biosolids containing PFASs are also landfilled (Guerra et al., 2014; Arvaniti et al., 

2012). Following disposal, PFASs are released from the waste through biotic and abiotic leaching 

(Allred et al., 2015), as shown in Figure 2.2 Depending on their physio-chemical properties, some 

anionic, water-soluble PFASs (e.g., PFAAs) can be released with the landfill leachate (Yan et al., 
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2015; Benskin et al., 2012); whereas neutral PFASs with low water solubilities and relatively high 

vapour pressures (e.g., fluorotelomer alcohols (FTOHs)) partition with landfill gas and are 

subsequently released to the atmosphere (Figure 2.2). Most often, leachate from lined landfills is 

collected and sent to wastewater treatment plants (WWTPs) for treatment before their final 

disposal in surface water bodies. However, WWTPs, already burdened with PFAS from 

wastewater, are not equipped to remove these classes of contaminants and act as secondary sources 

of PFASs in the aquatic environment (Allred et al., 2015; Eggen et al., 2010). Given that solid 

wastes have been, and will continue to be, landfilled, it is critical to investigate landfills as long-

term point sources of PFASs in the environment. This is the focus of this review. 

 

Figure 2.1 Poly- and perfluoroalkyl substances (PFASs) 

As an increasing number of studies are published regarding the environmental occurrence, 

fate and transformation of PFASs, it is important to systematically review the published literature 

to critically evaluate the state of the knowledge and identify the research gaps. Recent reviews of 

PFASs have addressed environmental biotransformation (Liu and Meija-Avendano, 2013), fate 

and removal of PFASs in drinking water treatment plants (Rahman et al., 2014), and WWTPs 

(Arvaniti and Stasinakis, 2015). A comprehensive review of the fate and transformation of PFASs 

in landfills is missing to date. Therefore, this study critically reviews existing publications: i) To 

identify the temporal and geographical trends of PFAS occurrence in the landfill; ii) To summarise 

the fate and transformation of PFASs in the landfill; iii) To identify research gaps and future 

research directions.  
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Figure 2.2 Environmental pathways of poly- and perfluoroalkyl substances (PFASs) originating 

from solid wastes 

2.2 Poly- and perfluoroalkyl substances (PFASs) in landfill system 

 Occurrence and trends perfluoroalkyl acids (PFAAs) in landfill leachate 

High variabilities in PFAAs profiles (Figure 2.3) in landfill leachate have been reported in studies 

conducted in North America, Europe, China and Australia (Yan et al., 2015; Clarke et al., 2015; 

Allred et al., 2014; Bossi et al., 2008; Kallenborn et al., 2004), likely reflecting the variability in 

dominant PFAS products and their manufacturing methodologies (Gallen et al., 2016). To date, no 

occurrence data exist for landfills in developing countries. PFCAs, detected in the µg/L range, are 

generally found to be the dominant PFAS (Fuertes et al., 2017; Allred et al., 2014; Li et al., 2012; 

Huset et al., 2011), with short-chain (C4  ̶  C7) PFCAs being more abundant than long-chain (≥C8) 

PFCAs (Fuertes et al., 2017; Li et al., 2012; Busch et al., 2010; Bossi et al., 2008; Kallenborn et 

al., 2004). The dominance of short-chain PFCAs is probably due to their preferential release and 

leaching from municipal solid waste (MSW), consistent with their higher aqueous solubilities and 

lower organic carbon–water partition coefficients relative to long-chain homologues (Yan et al., 
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2015). Studies also reported ∑PFAAs in leachate from landfills, closed 2 – 4 decades ago, in the 

range of hundreds to a few thousand ng/L (Gallen et al., 2016; Allred et al., 2014; Huset et al., 

2011). The geographical and temporal trends of PFAAs are discussed below considering the 

published concentration ranges as (Figure 2.3) and landfill site characteristics compiled in Table 

2.1. 

 

 

Figure 2.3 Concentration of perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkane 

sulfonic acids (PFSAs) in landfill leachate in different countries. (For studies reporting 

concentration from multiple landfills, median concentration has been plotted; values less than 

detection limit were assumed to be equal the detection limit) (Fuertes et al., 2017; Yan et al., 

2015; Allred et al., 2014; Gallen et al., 2014; Benskin et al., 2012; Busch et al., 2010; 

Woldegiorgis et al., 2006). Note the logarithmic scale of the Y-axis. 
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Table 2.1 Landfill location and characteristics for leachate sampling sites 

*WWTP: wastewater treatment plant; MBR: membrane bioreactor; RO: reverse osmosis; UF; ultrafiltration; NF; nanofiltration; PFAS: per-and polyfluoroalkyl 

compounds; N/A: not available  

Reference 
Woldegiorgis 

et al., (2008) 
Huset et al., (2011) 

Benskin et 

al., (2012) 

Busch et 

al., 

(2012) 

Perkola et al., 

(2013) 

Allred et al., 

(2014) 
Yan et al., (2015) 

Gallen et al., 

(2016) 

Fuertes et al., 

(2017) 

Location 

(Country) 

Strandmossen, 

Djupdalen 

(Sweden) 

Gulf Coast, Pacific 

Northwest, west 

coast, Mid Atlantic 

states, Southeast 

(USA) 

Pacific 

Northwest 

(Canada) 

(Germany) 
Espoo 

(Finland) 
(USA) 

Changzhou, 

Guangzhou, 

Nanjing, Shanghai, 

Suzhou (China) 

(Australia) (Spain) 

Landfill Sites 3 

4 active (since 

1996), 2 closed 

(operated during 

1982-1993) 

2 active 

since 1960's 

8 

closed, 

14 

active 

1 closed (1987-

2007) 

5 active (since 

1990's), 1 

closed (1975-

1990) 

4 active, 3 closed 
6 active, 8 

closed) 

2 active, 2 

closed 

between 2015 

and 2015 

PFAS 

Analytes 
13 24 24 43 4 70  14 14 16  

Leachate 

System 
N/A 

recirculation, except 

one flow-through 

system 

flow-

through and 

recirculated 

flow-

through 
N/A N/A flow-through  

flow-through 

except one 

recirculated  

flow-through  

Sampling 

Year 
November 2005 2006 

February-

June, 2010 

not 

availabl

e 

October 2009 

and June 2010 
N/A Spring, 2013 

February-April, 

2014 
March 2015 

Waste Type N/A primarily municipal 
primarily 

municipal 

municip

al and 

commer

cial 

primarily 

municipal 

municipal and 

commercial 
municipal 

primarily 

municipal and 

commercial 

primarily 

municipal 

Sampling 

Method 
grab samples  grab samples  grab sample  N/A 24-hr composite  grab samples  

grab sample from 

lift station 

grab sample 

from sump  
grab sample 

Leachate 

Treatment 

System 

aerobic pond N/A 
off-site at 

WWTP 

biologic

al and 

physical  

N/A N/A 

off-site with a two-

stage process 

(MBR/RO or NF) 

off-site at 

WWTP, 

off-site with 

a two-stage 

process 

(MBR/UF) 

Estimated PFAS 

loading in 

leachate 

N/A N/A 
8-25 

kg/y/landfill 
N/A N/A N/A 

3100 - 4000 kg/y 

(based on total 

nationwide leachate 

generation) 

N/A 
1 

kg/y/landfill 
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2.2.1.1 Concentration and trends in North America 

PFAAs in leachate from landfills in the USA have been studied by Huset et al. (2011) and Allred 

et al. (2014) (data in A.1 of Appendix A). Both studies found PFCA to be the dominant of all 

PFAS class, contributing 20 – 90% of the ∑PFASs (molar concentration basis), with concentrations 

ranging between 10 and 8900 ng/L (Allred et al., 2014; Huset et al., 2011). In general, the 

abundance of ≤C7 PFCAs was reported (Figure 2.3), consistent with the production shift towards 

shorter chain perfluorinated compounds and the observed increase of PFBA in consumer products 

in the USA in the 2000s (Liu et al., 2014). The high frequency of PFOA detection in consumer 

products (Vestergren et al., 2015; Liu et al., 2014), along with historical use (Figure 2.4) explain 

the high PFOA concentration (often comparable to shorter chain PFCAs) observed in landfill 

leachate (Allred et al., 2014; Huset et al., 2011). While the median concentration reported by Allred 

et al., (2014) exceeded 1000 ng/L for all C4 – C8 PFCAs, Huset et al., (2011) observed smaller 

concentrations (100 – 600 ng/L) for the same compounds. The observed difference in 

concentrations could be a result of variation in waste composition. For example, Lang et al., (2017) 

observed short-chain (≤C6) PFAS to be dominant in live anaerobic landfill reactors with carpets, 

as opposed to the live reactors with clothing that accumulated short-chain PFCAs, PFOA, and 8:2 

fluorotelomer sulfonate. Also, two live reactors containing clothing showed high variability in total 

PFAS release, partly due to the uneven presence of PFASs in the clothing (Lang et al., 2016). This 

indicates that variation in the waste composition may account for some of the observed differences 

in the PFAS trend. Age of the landfill and leachate management system (i.e., leachate recirculation 

vs flow-through), as described in Table 2.1, could be other contributing factors. 

Perfluorosulfonic acids (PFSAs) concentrations in leachate have varied in the range of 50  ̶  

3200 ng/L in the USA, with median concentrations being of a few hundred ng/L for PFBS, PFHxS 

and PFOS (Allred et al., 2014; Huset et al., 2011) as shown in Figure 2.3. While PFOS was detected 

in all leachate samples, its concentration was generally lower than that of PFBS and PFHxS (Allred 

et al., 2014; Huset et al., 2011). This dominance of shorter chain PFSAs over historically used 

PFOS could be indicative of the transition towards C4-based chemistry after 2002 as shown in 

Figure 2.4 (Vestergren et al., 2015; Huset et al., 2011; Lindstrom et al., 2011). Leachates from 

waste cells closed in 1993 or earlier also show dominance of PFBS and PFHxS, possibly indicating 
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existence of C4-based chemistry prior to 2002 (Huset et al., 2011), in addition to the higher 

mobility of shorter chain PFSAs, leading to their release in aqueous phase (Higgins and Luthy, 

2006). 

PFCA concentrations in leachates collected from Canadian landfills have been in the range 

of tens to few thousands of ng/L, with ≤C8 PFCAs (especially, PFPeA and PFHxA) being more 

abundant (Li et al., 2012; Benskin et al., 2012), similar to the trend in the USA. PFSAs, namely 

PFBS, PFHxS and PFOS, also varied within the same range, and the median PFHxS concentration 

(200 ng/L) was shown to be higher than for PFOS and PFBS in a Cross-Canada study (Li et al., 

2012). Landfill gas condensate has been reported to contain C4  ̶  C8 PFAAs, with PFBS being the 

dominant compound at concentration 1000 ng/L (Li, 2011). 

2.2.1.2 Concentration and trends in Europe 

PFAAs have been reported in several EU countries including Spain (Fuertes et al., 2017), Finland 

(Perkola and Sainio, 2013), Norway (Knutsen et al., 2019; Kallenborn et al., 2004), Sweden 

(Woldegiorgis et al., 2006), Denmark (Bossi et al., 2008), and Germany (Busch et al., 2010). Most 

of these studies (except for Knutsen et al., 2019, Fuertes et al., 2017 and Busch et al., 2010) 

included fewer than 10 PFAAs with concentration reported to be in the range of <1 – 1800 ng/L. 

The median concentrations of all PFAAs were below 550 ng/L, showing a narrower range 

compared to North America. Higher abundances of PFOS and PFOA compared to shorter chain 

PFAAs were also observed. More recent studies, including more than 10 PFAAs, in Spain (Fuertes 

et al., 2017) and Germany (Busch et al., 2010), reported higher abundances of shorter chain PFAAs 

(≤C7), a trend similar to that in North America. This is likely caused by the phase-out of C8 based 

chemistry by major manufacturers and the ban on PFOS by EU in 2006 (Figure 2.4). 
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Figure 2.4 Timeline (1949 to 2019) of the major production, commercialization and legislation 

events of perfluorocarboxylic acids (PFCAs, top) and perfluorosulfonic acids (PFSAs, bottom). 

Events and actions that may have resulted in increased concentrations in the environment and 

important findings are indicated by a red arrow. Green arrows represent phase-outs and 

regulatory initiatives that may result in decreased concentrations in the environment. 

Perfluorooctane sulfonyl fluoride (POSF) is the major raw material of perfluorooctane sulfonic 

acid (PFOS). Please note the uneven time scale. Adapted from (Land et al., 2015; Lindstrom et 

al., 2011) 

2.2.1.3 Concentration and trends in Australia 

There has been only one study (Gallen et al., 2016) that reported the occurrence of PFAAs in 

leachate from 6 active and 8 closed landfill sites in Australia, as shown in Table 2.1. The PFCA 

and PFSA concentration ranged from <0.5 to 5700 ng/L and <0.5 to 1900 ng/L, respectively. While 

these ranges are slightly smaller than for the USA, the median concentrations were <550 ng/L for 

all PFAAs, except PFHxA (970 ng/L), and are similar to those in Europe (Gallen et al., 2016). The 

PFAA trend was also similar to the observed trends in other countries, with ≤C7 PFAAs being 

more abundant. In general, Gallen et al., (2016) reported overall higher concentrations of PFAAs 

(especially PFHxA and PFHpA) in leachate from active MSW landfills compared to closed ones. 

Interestingly, a landfill containing construction and demolition waste closed in 2011 had higher 
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PFAAs than active MSW landfills, indicating the significance of the type of waste (Gallen et al., 

2016).  

2.2.1.4 Concentration and trends in China 

PFAAs have been reported in leachates from active and closed MSW landfills in China (Qi et al., 

2018; Yan et al., 2015) with concertation range from 70 to 214,000 ng/L for PFCAs (C4-C8) and 

30 to 416,000 ng/L for PFSAs (Figure 2.3). While these ranges are orders of magnitudes higher 

than for other countries, the median concentration for most PFAAs (e.g., PFBA, PFOS, PFOA, 

PFBS, PFPeA) in the range of several thousand ng/L was also higher than the values reported in 

North America, Europe and Australia. In contrast to other studies, PFOA (mean contribution 29%) 

was the most abundant PFAAs, followed by PFBS (26%) and PFPrA (16%). This finding is not 

unexpected, considering that China is one of the few remaining major producers and the largest 

consumer of PFOA and its salts in the world (Li et al., 2015a). Despite the high abundance of 

PFBS in leachate, suggesting a shift towards C4-based chemistry, high PFOS concentrations (1000 

 ̶  6000 ng/L) were reported in Chinese landfill leachates (Yan et al., 2015). It is noteworthy that, 

following the phase-out of PFOS by its largest manufacturer (3M) in the USA, production in China 

grew rapidly (Figure 2.4) from 50 tons/year in 2004 to approximately 200 tons/year by 2006, half 

of which was manufactured for export (Yang et al., 2014). Since the addition of PFOS to Annex 

B of the Stockholm Convention in 2009, its manufacture has been banned in China. Nonetheless, 

past manufacturing history could be a key factor behind the observed relatively high concentration 

of PFOS. Other factors could be due to (1) long use lifetimes of major PFOS-containing products 

(e.g., carpets, textiles); (2) long residence of PFOS-containing MSW in the landfill and/or (3) on-

going uses of PFOS-containing products in China (Yan et al., 2015). 

 Polyfluoroalkyl compounds in landfill leachate 

Polyfluoroalkyl compounds and other precursors of PFAAs and their transformation intermediates 

have been studied to a lesser extent than PFAAs in landfills. To date, n:2 fluorotelomer carboxylic 

acids (n:2 FTCAs), unsaturated fluorotelomer carboxylic acids (n:2 FTUCAs), n:3 fluorotelomer 

carboxylic acids (n:3 FTCAs), fluorotelomer sulfonates (n:2 FTSs), and perfluoroalkane 

sulfonamidoacetic acids (FASAAs, MeFASAAs, and EtFASAAs) have been detected in landfill 

leachate (see A.2 of Appendix A). Recent studies suggest that intermediates of FTOHs (i.e., 
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FTCAs and FTUCAs) are often present at concentrations (Figure 2.5) comparable to PFAAs 

(hundreds of ng/L range). Benskin et al., (2012) studied temporal trends of 14 PFAAs and 10 

PFAA-precursors in a municipal landfill in Canada over a 5-month period. The authors observed 

strong correlations between several PFAAs and their precursors (e.g., PFOA with 6:2 and 8:2 

FTCAs; PFNA, perfluorodecanoic acid (PFDA) with 8:2 and 10:2 FTCA). Two other studies (Yan 

et al., 2015; Busch et al., 2010) also reported increases in PFAA concentration after aerobic 

biological treatment, possibly due to transformation of PFAA-precursors (discussed in section 2.6) 

(Yan et al., 2015; Busch et al., 2010). Similarly, Allred et al., (2015) reported n:3 FTCAs, 

transformation intermediate of FTOH under anaerobic conditions, to be the second-largest 

contributor to the total loading of PFASs in a landfill leachate monitoring study.  

 

Figure 2.5 Concertation of polyfluoroalkyl compounds in landfill leachate in the USA (Allred et 

al., 2014; Huset et al., 2011) and Canada (Benskin et al., 2012). For each study, median 

concentrations were calculated and plotted in a logarithmic Y axis. 
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2.3 Release of poly- and perfluoroalkyl substances (PFASs) with landfill leachate 

The estimated annual mass budget of PFASs based on measured PFAS concentration and yearly 

leachate flow ranges from <1 to 25 kg/yr per landfill as shown in Table 2.1 (Fuertes et al., 2017; 

Yan et al., 2015; Benskin et al., 2012; Busch et al., 2010; Oliaei et al., 2006). The estimated release 

is in a similar range to the ∑PFASs discharge from WWTPs, which was reported to be tens to 

hundreds of g/d (3 – 30 kg/y) (Ahrens, 2011). However, release data should be interpreted with 

caution, as these values are highly dependent on the leachate quantity (which depends on the size 

and age of the landfill, precipitation on-site, etc.) and the number of analytes included in the study. 

As discussed in section 2.2.2, PFAA precursor concentrations could be comparable to or even 

higher than for the PFAAs. Therefore, measurement of only PFAAs could grossly underestimate 

the total release of PFASs from landfills. 

2.4 Poly- and perfluoroalkyl substances (PFASs) in ambient landfill air 

The role of landfills as PFASs sources of gaseous emission to the atmosphere has received little 

attention. Two studies (Ahrens et al., 2011; Weinberg et al., 2011) have reported higher (2  ̶  30 

times) PFASs in landfill ambient air compared to control sites that are presumably not 

contaminated with landfill emissions. Ambient landfill air predominantly contained FTOHs with 

a concentration range in ng/m3, being >90% of total precursor compounds measured (Table 2.2). 

While FOSAs, FOSEs were also detected, their concentrations in the pg/m3 range were orders of 

magnitude lower than for the FTOHs (Ahrens et al., 2011; Weinberg et al., 2011). 8:2 FTOH was 

found to be the highest sole contributor (50 - 65% of the ∑FTOHs, FOSAs, FOSEs), followed by 

6:2 FTOH (15 - 40%) FTOHs (Ahrens et al., 2011; Weinberg et al., 2011). The higher abundance 

of 8:2 FTOH over 6:2 FTOH has been reported (Jahnke et al., 2007; Shoeib et al., 2006) to be 

typical for urban air, which is also supported by a recent survey (Vestergren et al., 2015) of PFASs 

in consumer products (imported from China) in Norway, which showed that 6:2 and 8:2 FTOHs 

were the most abundant extractable PFASs.  
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Table 2.2 Concentration ranges of various classes of poly- and perfluoroalkyl substances 

(PFASs) in ambient landfill air (pg/m3) 

PFAAs were also detected in the particulate phase (Weinberg et al., 2011) and gas phase 

(Ahrens et al., 2011) of ambient landfill air. PFBA, PFHxA, and PFOA were detected most 

frequently and at higher concentrations compared to other PFAAs in the gas phase (Ahrens et al., 

2011). This might indicate an abundance of PFOA and shorter-chain PFCAs in landfill waste or 

reduced availability of longer-chain PFCAs in the air due to their higher affinity towards solid 

particles (Arvaniti et al., 2012). This dominance of the short and even chain length PFCAs is also 

consistent with the PFCA distribution in landfill leachates from 22 sites in Germany (Busch et al., 

2010) indicating that this pattern is typical for landfill emissions. Although PFOS is frequently 

detected in landfill leachate, it exhibited very low air concentrations at the landfill sites (<5 pg/m3) 

likely due to strong sorption of PFOS to landfill solids; efficient trapping of PFOS in landfill gas 

collection; and partitioning of PFOS to landfill leachate (Ahrens et al., 2011). 

2.5 Fate of poly- and perfluoroalkyl substances (PFASs) in landfill 

Following landfilling, PFASs undergo long-term leaching, as well as the transformation of the 

precursor compounds, processes that are affected by the physio-chemical properties of the PFASs, 

as well as the landfill leachate (Yan et al., 2015). As the landfilled waste passes through successive 

stages of aerobic, acetogenic, methanogenic stabilization stages, significant changes occur in the 

physio-chemical properties, such as pH and organic and inorganic constituents (shown in A.3 of 

Appendix A) of the leachate (Renou et al., 2008), likely affecting the mobility and transformation 

of PFASs. In most cases, leachate from various waste cells undergoing varying states of 

decomposition is collected together and subsequently sampled for PFAS analysis, which 

∑PFAAsa ∑FTOHsb ∑FTCAc 
∑FOSAs, 

FOSEsd      

∑PFAS WWTP 

/∑PFASreference site 

Landfill 

status Reference 

130-320 
2500-

26000 

Not 

measured 
60-120 5 to 30  

active 
(Ahrens et al., 2011)  

5-10e 70-100 
1-10 

6-20 1.5 to 2.5 
Closed for 

last 6 years 

(Weinberg et al., 

2011) 

<DLf-40e 120-660 
<DL-20 

7-20 1.5 to 3 
active (Weinberg et al., 

2011) 
aperfluorocarboxylic and perfluorosulfonic acids; bfluorotelomer alcohols; cfluorotelomer acids; dperfluoroalkane and N-

alkyl perfluoroalkane sulfonamide and sulfonamidoethanols; emeasured in particulate phase; fdetection limit; 
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represents a significant challenge in terms of understanding the effect of waste evolution on PFAS 

release and transformation inside a landfill.  

Benskin et al., (2012) monitored patterns of 24 PFASs (14 PFAA and 10 PFAA-precursors), 

in two landfills (one flow-through with 10 and another recirculated leachate with a one-time point) 

leachate and studied the effect of PFAA-precursor transformation, leachate physical−chemical 

properties, leachate flow rates and meteorological variables. For the flow-through system, the 

authors observed an increase of ≥C8 PFCAs during March-mid April, which significantly 

correlated with 8:2 FTUCA, 8:2 FTCA, 10:2 FTUCA and 10:2 FTCAs indicating 

biotransformation of 8:2 and higher precursors (e.g., 8:2 PAP and FTOHs). In contrast, 

recirculated leachate generally contained an order of magnitude lower ΣPFAS concentrations, 

consisting entirely of PFAAs (∼83% PFCAs and ∼17% PFSAs on a molar basis). While the 

observed PFAS levels and profiles in the single sample of recirculated leachate might not be 

representative of leachate from this site over the long term, another explanation could be that 

recirculating leachate back into the landfill may have facilitated higher biotransformation and 

resulting in the absence of PFAA-precursors at this site. Other factors such as the volume of waste 

handled by each landfill and waste composition could also contribute to the observed variation 

(Benskin et al., 2012). No other studies have measured PFAA-precursors in recirculated landfill 

leachate; therefore, the observation of Benskin et al., (2012) could not be supported by other 

studies. Concentrations of PFBA, PFPeA, and PFHxA were reported to be strongly associated with 

increasing pH, electrical conductivity and decreasing 24 h precipitation in flow-through leachate 

(Benskin et al., 2012). This enhanced mobilization of PFASs with increasing pH is consistent with 

sorption studies of PFOS and PFOA to different adsorbents which indicated decreased sorption 

with increasing solution pH due to protonation of the adsorbent surface leading to fewer positive 

sites on the sorbent (Wang and Shih, 2011; Yu et al., 2009). This could imply that landfills 

undergoing methanogenesis (pH ≥ 7) are more conducive to PFASs leaching. Similarly, the 

observed seasonal variation of the macro-constituents (e.g., Cl-, Ca2+, Mg2+, SO4
2-) in leachate 

(Kulikowska and Klimiuk, 2008) likely contribute to the observed variability and patterns of 

PFASs concentration in leachates. A leaching study (Kim et al., 2015) using stain-guard treated 

carpets (24 h contact time) reported higher ∑PFASs partitioning in distilled water than in landfill 

leachate. The authors (Kim et al., 2015) attributed this to the presence of multivalent cations in the 
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leachate acting as bridges between anionic PFASs and negatively charged carpet surfaces and 

reduced desorption. In contrast to cations, anions (e.g., Cl-, SO4
2- or Cr2O7

2-) have been reported 

to compete with anionic PFASs for adsorption sites, (in boehmite, chitosan and resins) leading to 

increased solubility of anionic PFASs (Du et al., 2014). This shows that the effects of inorganic 

ions on PFAS leaching are complex and possibly concentration- and type-specific.  

Allred et al., (2015) and Lang et al., (2016) studied the evolution of PFASs into leachate 

from MSW and carpets and clothing, respectively, using anaerobic landfill reactors. Both studies 

showed that PFASs are released through a combination of biotic and abiotic processes. However, 

at the end of the operation, the leachates from live bioreactors (producing methane) had on average 

5 to 10 times higher ∑PFAS than the average for abiotic reactors, indicating that biological 

processes play an essential role (Lang et al., 2016; Allred et al., 2015). Following the onset of the 

methanogenic conditions, concentrations of known biotransformation intermediates of PFAA 

precursors, including methyl-perfluorobutane sulfonamide acetic acid, n:2 and n:3 FTCAs, 

increased steadily, with the 5:3 FTCAs becoming the single most concentrated PFAS observed in 

live reactors (Allred et al., 2015). In addition to precursor transformation, they also suggested that 

abiotic leaching, pH, type of substrate and sorption are likely to be influential factors determining 

PFASs profiles in leachate (Allred et al., 2015). Owing to the limited number of studies measuring 

PFAS compounds in landfill ambient air, the extent of release of semi-volatile precursors (e.g., 

FTOHs) and their volatile transformation products are unknown and need investigation. 

Li et al., (2015b) investigated adsorption and leaching of PFASs (10 PFCAs, 4 PFSAs, 1 

FOSA and 3 FTUCAs) in sodium bentonite (common landfill liner material) under simulated field 

condition. The authors reported that PFASs from leachate did not bind substantially to the 

hydrophilic sodium bentonite, likely due to negative surface charges of PFAAs under 

environmental conditions. For the range of concentrations tested, PFASs did not affect the 

hydraulic conductivity of the bentonite, indicating that bentonite liners are not likely to be 

compromised by PFAS. However, the leaching cell test with sand/bentonite mixture showed 

partial retention of PFASs which decreased over time, indicating limited effectiveness of sodium 

bentonite liners in landfills containing PFASs (Li et al., 2015b). 
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2.6 Fate of PFASs in leachate treatment systems 

One of the most common methods for managing leachate is to send it to an off-site domestic 

WWTP. The fate and occurrence of PFASs in WWTPs have recently been reviewed elsewhere 

(Arvaniti and Stasinakis, 2015) and are outside the scope of this study. Other leachate management 

options include on-site pre-treatment followed by off-site discharge at a WWTP, and complete 

treatment and discharge on-site (Townsend et al., 2015). Leachate treatment options can be broadly 

categorized under physio-chemical treatment (e.g., coagulation-flocculation, chemical 

precipitation, membrane filtration, activated carbon adsorption, chemical oxidation) and biological 

treatment (e.g., activated sludge system, aerated lagoon, constructed wetlands) (Foo and Hameed, 

2009; Renou et al., 2008). Several studies (Fuertes et al., 2017; Yan et al., 2015; Busch et al., 2010) 

have reported an overall increase in PFAA concentrations and a decrease in precursors (Yin et al., 

2017) in the liquid phase following on-site biological leachate treatment processes. The extent of 

formation observed was analyte- and site-specific, ranging between 10 and 250% for individual 

PFAAs (Yan et al., 2015). In addition, removal of PFAAs was also reported in constructed 

wetlands through sorption by wetland soil and possibly plant uptake in the reed bed (Yin et al., 

2017). Wet air oxidation process contacting with ozone to create OH-radicals to degrade 

contaminants also showed slightly higher (~5%) ∑PFAAs concentrations in the effluent leachate, 

but the increase was less than for a biological treatment (Busch et al., 2010). An adsorption 

technique using activated carbon has been reported to be somewhat useful (removal efficiency 

ranges between 70 and 99%) in removing PFAAs from leachate (Busch et al., 2010). High-pressure 

membrane filtration technologies such as reverse osmosis (RO) and nanofiltration (NF) removed 

>95% PFAAs directly from leachate (Busch et al., 2010) and biologically treated leachate (e.g., 

membrane bioreactor followed by RO or NF) (Yan et al., 2015). On the other hand, ultrafiltration 

(UF) integrated with membrane bioreactors showed little or no removal of PFAAs (Fuertes et al., 

2017). Despite the success of high-pressure filtration systems, disposal of the PFAS-rich 

concentrate remains a challenging issue in need of careful consideration (Rahman et al., 2014).  

2.7 Future research directions 

Compared to PFAAs, little information exists regarding their precursor compounds (e.g., 

fluorotelomer compounds) in the landfill. As reported by a recent study using total oxidizable 
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precursor assay, unknown precursors for C4 – C12 PFAAs contribute 10 – 97 mol% in leachate, 

which can account for additional 15%–43% mass loads (Wang et al., 2020). To avoid significant 

underestimation of the total PFAS released from landfills, PFAA-precursors (e.g., FTOH, FTS, 

etc.) and their transformations products should be included in future studies. As previous research 

(Phillips et al., 2007) reported 100-times smaller toxicity thresholds of FTCAs compared to PFCAs 

for freshwater microorganisms, PFAA-precursor concentrations in leachate would provide 

valuable information from water quality perspective. While two recent studies, using simulated 

anaerobic landfill reactors, have provided useful insights into the release of PFASs in the landfill, 

further research is needed to understand the transformation process fully. Studies need to include 

landfill gas to understand transformation pathways and the overall fate of PFASs, considering the 

semi-volatile nature of some precursor compounds and their transformation products. This would 

also enable more realistic assessments of the release of the PFASs to the environment with landfill 

gas and leachate. More research is also needed to evaluate the effectiveness of current containment 

practices (e.g., landfill liners) and how they can be improved to reduce PFAS emissions from 

landfills. While ubiquitous occurrences of various classes of PFASs have been studied and 

documented in eight developed countries, occurrence data is needed for landfills in developing 

countries.  The lack of regulations limiting the manufacture and use of C8-based PFASs and the 

lack of pollution abatement measures (e.g., leachate collection systems, lining materials) (Ismail 

and Manaf, 2013) mean landfills in developing countries could be a source of long-chain PFASs 

in the environment. This could undermine the regulatory initiatives in some parts of the world, due 

to the long-range transport and persistence of some PFASs (e.g., PFAAs). 

2.8 Conclusions  

This study presents a critical review of existing publications to identify temporal and geographical 

trends of PFASs occurrence and summarizes fate and transformation of PFASs in the landfills. 

Research over the past decade showed that PFAAs are routinely detected in landfill leachate. 

Short-chain (C4  ̶  C7) PFCAs are routinely detected in landfills from various countries, possibly 

indicating their greater mobility and reflecting the industrial shift towards shorter chain 

compounds. Despite its restricted use, PFOA remains one of the most frequently detected and 

abundant PFCAs in landfill leachate. If not appropriately managed, landfills could act as secondary 
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sources of PFOA in the environment. Recent studies also document the presence of PFAA-

precursors and their transformation products in landfill leachate, at concentrations comparable to 

or higher than the most frequently detected PFAAs (e.g., PFBA, PFOA, PFOS). Landfill ambient 

air also contains elevated levels of PFASs, primarily semi-volatile precursor compounds (such as 

FTOHs), compared to upwind control sites. Therefore, landfills likely act as emission sources of 

atmospheric PFASs. The fate of PFASs inside landfills is controlled by a combination of biotic 

and abiotic processes, with biotransformation releasing most of the PFASs from landfilled waste 

to leachate. Biotransformation in simulated anaerobic reactors has been found to be closely related 

to the methanogenic phase. The methane yielding stage also results in higher pH (>7) of leachate, 

correlated with higher mobility of PFAAs.  

 

 

 

 

 

 

 

 

 



25 

 

Chapter 3: Aerobic Biotransformation of Fluorotelomer Compounds in 

Landfill Leachate-Sediment 

3.1 Introduction 

Landfills are the primary disposal options for solid wastes (Kaza et al., 2018), including poly- and 

perfluoroalkyl substances (PFASs) containing end-of-life consumer products, construction wastes, 

biosolids, etc. Water percolating through landfilled waste (i.e., leachate) (Sui et al., 2017; Clarke 

et al., 2015) and landfill gas emission (Durmusoglu et al., 2010; Allen et al., 1997) are emerging 

as potential sources of organic contaminants, including PFASs, into the environment (Qi et al., 

2018). In recent years, PFASs have gained notoriety due to their persistence, bioaccumulation 

potential and possible adverse effects on humans, animals and biota (Houde et al., 2011; Kato et 

al., 2011; Kannan et al., 2004). Fluorotelomer compounds (FTCs), belonging to PFASs, are used 

widely as water repellents on a wide range of finished products (e.g., textiles, apparel, carpet, 

fabrics), as oil and grease repellents on paper and packaging, and in other surface applications 

(e.g., paints, adhesives, polishes, metals, electronics) (Buck et al., 2011; Kissa, 2001). After 

disposal in landfills, consumer products containing FTCs undergo abiotic and biotic 

transformations (Washington et al., 2019; Washington et al., 2015b), releasing fluorotelomer 

monomers (e.g., fluorotelomer alcohols (FTOHs; CnF2n+1C2H4OH) and sulfonic acids (FTSs; 

CnF2n+1C2H4SO3H), as well as their transformation products (Lang et al., 2017; Allred et al., 2014; 

Benskin et al., 2012). Water-soluble monomers (e.g., FTSs) and their transformation products can 

then partition to landfill leachate and be released to aquatic environments or groundwater (Yang 

et al., 2014; Benskin et al., 2012). While neutral compounds like FTOHs can partition with landfill 

gas due to their low solubilities and relatively high vapour pressure (Weinberg et al., 2011), and 

subsequently enter the atmosphere (Figure 2.2 in Chapter 2). FTCs in the atmosphere can undergo 

long-range transport and further transformations resulting in the release of persistent 

perfluorocarboxylic acids (PFCAs) to remote environments (Filipovic et al., 2015; Yamazaki et 

al., 2016) (Figure 2.2 in Chapter 2). 

Previous studies have shown that FTCs can undergo biotransformation in various 

environmental media including activated sludge (Zhao et al., 2013a; Wang et al., 2012a; Wang et 
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al., 2011), river sediment (Zhang et al., 2017; Zhang et al., 2016; Zhao et al., 2013b) and soil (Liu 

et al., 2010c), leading to formation of saturated fluorotelomer acids (FTCAs), unsaturated 

fluorotelomer acids (FTUCAs) and persistent PFCAs. Environmental concerns regarding the 

persistence, ubiquitous occurrence and health effects of PFCAs are well documented (Houde et 

al., 2011; Kato et al., 2011). In May 2019, perfluorooctanoic acid (PFOA), a biotransformation 

product of 8:2 FTOH, was placed on the list of substances to be eliminated, as a persistent organic 

pollutant (POP) under the International Stockholm Convention on POPs (Stockholm Convention, 

2019, Annex A). This has led manufacturers to shift toward short-chain (e.g., 6:2 FTS) alternatives 

of legacy FTC (e.g., 8:2 FTOH). Studies have shown endocrine disruptive activity of FTOHs in 

fish (Liu et al., 2009; 2010a; Ishibashi et al., 2008) and human cells (Rosenmai et al., 2013; Liu et 

al., 2010b; Maras et al., 2006), reproduction impairment in fish (Liu et al., 2010b) and rats 

(Mylchreest et al., 2005) and possible immunotoxicity in human (Kong et al., 2019). In addition, 

FTCAs are known to cause developmental toxicity to fish (Shi et al., 2017) and are orders of 

magnitude more toxic to aquatic organisms than their PFCA counterparts (Mitchell et al., 2011; 

Phillips et al., 2007). 

Previous studies (Zhang et al., 2016; Wang et al., 2005a, 2005b, 2009, 2011; Liu et al., 2007; 

Dinglasan et al., 2004) have investigated the fate and transformation of FTOHs and FTSs in 

various environmental conditions to assess the overall impact on the ecosystem and their 

contribution to PFCA exposure. Dinglasan et al., (2004) observed that 85 mol% of the spiked 8:2 

FTOH was biotransformed by day 7 in a mixed microbial culture prepared from sediment and 

groundwater. Wang et al., (2005a, 2005b) studied biotransformation of 8:2 FTOH in activated 

sludge over periods of 28 (Wang et al., 2005a) and 90 days (d) (Wang et al., 2005b) and reported 

eight metabolites, including 8:2 fluorotelomer aldehyde (FTAL), 8:2 FTCA, 8:2 FTUCA, 7:3 

FTCA, 7:3 FTUCA, 7:2 secondary fluorotelomer alcohol (sFTOH), 7:3 unsaturated amide and  

PFOA.  Liu et al., (2007) observed first-order reaction rate of 8:2 FTOH biotransformation, 

ranging between 0.13 and 0.28 d-1 in clay loam soil, using three carrier-solvents (ethanol, octanol, 

1, 4-dioxane), which may act as carbon sources. Similar to Wang et al., (2005a), the metabolites 

included a mixture of saturated and unsaturated fluorotelomer acids and PFOA. Perfluorohexanoic 

(PFHxA) and perfluoroheptanoic (PFHpA) acid were also observed, indicating that multiple -CF2 

groups can be removed by microbial activity (Liu et al., 2007). Based on a study of aerobic 
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biotransformation of 8:2 FTOH in clay loam and sandy loam soils over 7 months, Wang et al., 

(2009) reported that 10 – 35 mol% of 8:2 FTOH was irreversibly bound to the soil and could not 

be solvent extracted. While the observed metabolites were similar to those of previous studies (Liu 

et al., 2007; Wang et al., 2005a, 2005b), the yields of PFOA (25%) and 7:3 FTCA (11%) were at 

least two orders of magnitude higher than other reported yields (Liu et al., 2007; Wang et al., 

2005a; 2005b), suggesting that in some environmental matrices, significant PFOA exposure could 

result from 8:2 FTOH biotransformation (Liu and Mejia-Avendaño, 2013). Relatively limited data 

and conflicting results are available for the biotransformation of FTSs (Field and Seow, 2017). 

Aerobic biotransformation of 6:2 FTS resulted in the formation of similar products consisting of 

mixtures C6 or shorter chain PFCAs and FTCAs in activated sludge and river sediments. However, 

wide variations in the biotransformation rate of 6:2 FTS and product formation have been reported 

in various environmental media (e.g., t1/2 <5 d in river sediment, >2 years in activated sludge) 

(Zhang et al., 2016; Wang et al., 2011).  

Based on historical production volume of FTCs (estimated 11,000 to 14,000 t/year) (Lassen 

et al., 2013), the magnitude of landfill emissions could amount to several-fold (Washington et al., 

2019; Washington and Jenkins, 2015) the currently estimated global oceanic load of C4 – C14 

PFCAs (~10,000 t) (Wang et al., 2014). While two studies (Lang et al., 2016; Allred et al., 2015) 

have investigated the release of PFASs from municipal solid waste using anaerobic landfill 

reactors, aerobic biotransformation of FTCs in landfill leachate has not been studied to date. 

Previous studies (Wang et al., 2005a; 2009) have used simple solutes (e.g., deionized water), which 

are likely, not representative of complex environmental matrices (e.g., landfill leachate). In 

general, landfill leachate is characterized by high total ammonium nitrogen (hundreds to several 

thousand of mg/L), biodegradable and refractory organic matter (tens to several thousand mg/L), 

high alkalinity (hundreds to several thousand mg CaCO3/L), xenobiotic organic compounds and 

heavy metals (Ren et al., 2017; Gao et al., 2015; Renou et al., 2008). Furthermore, the microbial 

community in landfill leachate is expected to differ from those in surface soil, river sediment, and 

activated sludge from municipal WWTPs, which can affect the rate and metabolite yield of FTCs. 

The objective of the current investigation was to study the aerobic biotransformation of FTCs in 

the leachate-sediment system to determine the known metabolite yields. Landfill leachate was used 

for microcosm preparation in this study. The effect of long-chain (8:2 FTOH) versus short-chain 
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(6:2 FTS) FTC in PFCA production was also investigated. The results of the current investigation 

are compared with findings from previous studies of FTCs biotransformation in other 

environmental media.  

3.2 Materials and methods 

 Standards and reagents 

The analytes of interest, comprising of the parent FTCs and their known biotransformation 

products, are listed in B.1 of Appendix B with their acronyms, CAS numbers and suppliers. The 

monitored compounds included perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), 

PFHxA, PFHpA, PFOA, perfluorononanoic acid (PFNA), 8:2 FTCA, 7:2 FTCA, 8:2 FTUCA, 7:2 

FTUCA, 7:3 FTCA, 5:3 FTCA, 8:2 FTOH, 6:2 FTOH, secondary fluorotelomer alcohols (7:2 

sFTOH and 5:2 sFTOH) and 6:2 FTS. HPLC grade methanol, acetonitrile, ammonium acetate and 

acetic acid were purchased from Fisher Scientific, Canada. For all purposes, ultrapure deionized 

water (DI) from a Millipore® system was used. Oasis weak anion exchange (WAX) (6 cc/30 µm) 

and Sep-Pak C18 Plus Short Cartridge were purchased from Waters (MA, USA).  

 Landfill sediment and leachate collection 

Sediment was collected in December 2017, from a leachate collection ditch in a municipal landfill 

(location kept confidential at the request of the operator) to set up the biotransformation 

microcosms. The sampling equipment and high-density polyethylene (HDPE) sample collection 

bottles were washed thoroughly, rinsed with methanol and air-dried prior to sampling. Using a 

steel scoop, the top 1 cm of the sediment layer was collected to ensure the presence of aerobic 

microbial communities (Marchant et al., 2017). Landfill leachate was collected in 3L HDPE bottles 

from the surface of the ditch, at the same location as the sediment collection. The sampling bottles 

were half-filled with either sediment or leachate to ensure aerobic conditions during transportation. 

Sediment and leachate samples were transported to the lab within an hour of collection. Collected 

sediment was wet-sieved via a 2 mm sieve and stored with 40 – 50 mm of leachate on top at 4°C. 

Within 2 d of collection, initial physical and chemical characteristics of the leachate and sediment 

were determined (section B.2 of Appendix B), followed by the set-up of the microcosms.  
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 Microcosm setup and sampling 

A closed-system microcosm set-up using Wheaton glass serum bottles (125 mL), fitted with 

aluminum crimp-sealed natural rubber stoppers (Figure B.1 of Appendix B), was adopted from 

Liu et al., (2010c) and Yu et al., (2016) to minimize loss of volatile transformation products. The 

experimental conditions and appropriate controls are provided in Table 3.1. In each bottle, 15 g of 

wet sediment, 10 mL of leachate and 5 mL of mineral media were added. The mineral medium 

solution was prepared by adding 85 mg KH2PO4, 218 mg K2HPO4, 334 mg Na2HPO4·2H2O, 5 mg 

NH4Cl, 36.4 mg CaCl2·2H2O, 22.5 mg MgSO4·7H2O, and 0.25 mg FeCl3·6H2O in one liter DI 

(OECD, 1992). The chemicals used for mineral media preparation and their suppliers are listed in 

B.3 of Appendix B. Sterile control microcosms were prepared by three cycles of autoclaving (at 

121°C for 1 h) with intermittent incubation (20°C for 24 h) between cycles. In addition, 0.75 g/L 

of NaN3 was added to each sterile bottle to prevent microbial growth in the sediment mixture 

during incubation. Following a week of acclimation at 20°C, five treatments were applied to the 

microcosms as outlined in Table 3.1. All sample bottles were continuously agitated at 150 rpm on 

a temperature-controlled orbital shaker at 20°C in the dark (Innova 4200, New Brunswick 

Incubator Shaker). 

A total of nine sampling events occurred (at 0, 1, 3, 7, 14, 30, 45, 60, 90 d) over the three-

month experimental period, with two bottles of each treatment condition sampled for each 

sampling event. The headspace concentration of O2 was measured using a Quantek oxygen 

analyzer 905 (Grafton, MA, USA) in the sterile and live-controls. All remaining bottles were 

reaerated when the O2 level approached the recommended minimum level of 10% oxygen 

saturation (i.e., 2% headspace O2 content) (Mejia-Avendaño et al., 2016; Liu and Mejia-Avendaño 

2013) (Figure 3.1a). On each sampling day, 15 mL of the live-control microcosms (treatment 5 in 

Table 3.1) were collected to monitor the pH. In addition, total organic carbon (TOC), ammonia, 

nitrate and nitrite were determined using the dissolved phase of the live-controls (see B.2 of 

Appendix B). Given the high ammonia content of landfill leachate and the use of biological 

nitrification as a leachate treatment method, nitrogen redox was monitored for possible nitrification 

occurring in the live microcosms. 
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During sample collection, the headspace gas of live-spiked and sterile microcosms (treatments 

1 through 4 in Table 3.1) were sampled to capture volatile compounds by flushing with ~1 L air 

through two C18 cartridges. The cartridges were then eluted with 5 mL acetonitrile, and the eluents 

were stored at -20 °C until PFAS analysis using GC-MS/MS. 

Table 3.1 Experimental conditions of biotransformation microcosms containing sediment, 

landfill leachate and mineral media 

Treatment Microcosm Parent compound 

spike 

Inhibitor 

1 Live-spiked 8:2 FTOHa - 

2 Sterile-control 8:2 FTOH NaN3 

3 Live-spiked 6:2 FTS - 

4 Sterile-control 6:2 FTS NaN3 

5 Live-control None - 

a8:2 FTOH and 6:2 FTS spiking stock concentrations were 50 mg/L and 250 

mg/L, respectively, prepared in methanol. 

 

 Microcosm extraction and PFAS analysis 

For each sampling event, duplicate microcosms were subjected to two sequential extractions. The 

solvent extraction method was modified from that of Liu et al., (2010c). Before the first extraction, 

the crimp seal of the bottle was opened, and the cap was pushed inside to be extracted at the same 

time. 30 mL of acetonitrile was added to each bottle and the cap was resealed. The bottles were 

placed on a horizontal shaker (180 rpm) at 40°C for 3 d, then centrifuged at 1000 rpm (~160 g) for 

20 min to collect the supernatants. For the second extraction, 27 mL acetonitrile and 3 mL of 250 

mM NaOH were added to the bottles. The bottles were next shaken at 40°C overnight, centrifuged 

at 1000 rpm (~160 g) for 20 min, and the collected extracts were stored at -20 °C for PFAS analysis. 

Microcosm extracts from all five treatment conditions were cleaned-up using solid-phase 

extraction (SPE) with Oasis WAX® following a modified method (USEPA, 2011). Microcosm 

extract (25 mL) was spiked with 70 ng of each M8PFOA and M2_8:2 FTUCA, diluted to 100 mL 

with ultrapure water and adjusted to a pH of 6.5±0.5 with 1% (v/v) acetic acid in reagent water or 

0.3% (v/v) aqueous ammonium hydroxide. The extract was then cleaned-up using a weak anion 
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exchange (WAX) solid-phase extraction (SPE) cartridge. Each cartridge was conditioned with 

0.3% NH4OH in methanol and 0.1 M formic acid in DI, followed by equilibration with DI. After 

loading the sample drop-wise onto the cartridge (~5 mL/min), the cartridge was washed with 20% 

MeOH in 80% 0.1 M formic acid in DI, followed by 0.3% (v/v) NH4OH in DI. The cartridge was 

then dried by being subjected to a vacuum for 5 min. Finally, the cartridge was eluted into a 15-

mL clean glass centrifuge tube with 4 mL 0.3% NH4OH (v/v) in MeOH. The cleaned-up extract 

was then dried under a gentle nitrogen stream, reconstituted with 980 µL of injection solvent 

(80:20/water: acetonitrile) and spiked with injection internal standard solution (containing 30 ng 

of M3PFBA and M5PFHxA) prior to instrumental analysis.  

Headspace extracts from all spiked conditions and microcosm extracts from 8:2 FTOH spiked 

live and sterile treatments (outlined in experimental conditions in Table 3.1) were also analyzed 

using GC-MS/MS to quantify volatile parent and transformation products. Microcosm extracts 

filtered through 0.45 µm filter and headspace extracts were spiked with 70 ng of (M+4) 8:2 FTOH 

as internal injection standards before analysis using GC-MS/MS. 

 Instrumental analysis of PFAS  

An Agilent 1200 series HPLC system (Agilent Technologies, CA, USA) was used to separate the 

PFCAs using 4 µL of sample injection onto a Waters Xterra MS C18 column (100×2.1 mm, 3.5 

µm particle size; Waters Corporation, Milford, MA), preceded by an Xterra MS C18 VanGuard 

cartridge (30×2.1 mm, 3.5 µm particle size) from the same manufacturer. Both columns were 

maintained at 50°C, and the mobile phase flow was set at 0.7 mL/min. The mobile phase consisting 

of (A) water with 10 mM ammonium acetate and 10 mM acetic acid, and (B) acetonitrile (Gradient 

and detailed instrumental conditions are specified in B.4 of Appendix B). Mass spectrometric 

analysis was performed using an Agilent 6410 Triple Quad mass spectrometer (Agilent 

Technologies, CA, USA) in negative electrospray ionization and multiple reaction monitoring 

(MRM) modes. MS parameters of each analyte (see B.4 of Appendix B) were individually 

optimized manually during syringe pump infusion.  

The leachate-sediment microcosm and headspace cartridge extracts were also analyzed on an 

Agilent Technologies (Palo Alto, CA) 7890B gas chromatograph, interfaced with a 5977B mass-



32 

 

selective detector operated in the positive chemical ionization (PCI) mode with methane reagent 

gas for quantitative analyses. Analyte separation and quantification were performed on an Agilent 

CP-Sil 8 CB column (30 m x 0.25 mm I.D., 0.25 µm film thickness). Samples (1 µL) were injected 

in the pulsed-splitless mode at ~276 kPa (40 psi) for 0.015 min. The heating profile of the column 

and MS parameters are detailed in B.5 of Appendix B. 

 Experimental and analytical quality control and quality assurance 

High-density polyethylene (HDPE) and polypropylene (PP) were used throughout the sample 

preparation and storage stage. Polytetrafluoroethylene (PTFE) containing material was eliminated 

to avoid possible contamination of FTCs. All experiments were performed in duplicates. During 

sample preparation, procedural blanks were included to account for any PFAS contamination. Any 

LC-MS/MS or GC-MS/MS run was accompanied with quality control check standards and a 

solvent blank every 10 – 15 samples to monitor the absolute analyte areas, chromatographic 

retention times and background contamination from the instrument. 

3.3 Results and discussion 

 Physical and chemical characteristics of the landfill leachate 

The initial characteristics of the leachate used in this study are compared with the ranges of values 

reported in previous studies of mature landfills (>10 years) in Table 3.2. Since the landfill leachate 

was collected from a leachate collection ditch, it likely represents a mixture of leachate from 

various stages of waste decomposition. However, as shown in Table 3.2, the basic pH (~8) of the 

leachate indicated that the landfill was primarily in the methanogenic phase, consistent with the 

fact that the municipal landfill which provided the leachate for this study, has operated for more 

than 50 years and can be considered mature (Renou et al., 2008). Young leachate produced from 

refuse undergoing an early stage of stabilization (e.g., acid phase) is also expected to reflect the 

composition of methanogenic leachate if the young leachate percolates through well-decomposed 

refuse (Kjeldsen et al., 2002). Any surface runoff from precipitation at the landfill site is also 

treated as leachate and collected in the same ditch. Since the landfill site received >150 mm rainfall 

in the 30 days prior to the sampling day, the collected landfill leachate can be considered dilute 

compared to dry season leachate at this site or other landfills located in the arid climate. Dilution 
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of leachate by precipitation also supports the observation that the measured organic content, as 

well as the anion and cation concentrations of the leachate, were closer to the lower bound of 

literature values than the higher bound, as shown in Table 3.2.  

Table 3.2 Comparison of leachate characteristics with literature values 

Leachate Characteristics This study 

(n=3) 

Literature values 

for mature (>10 

years) leachate 

References 

pH 7.9 ± 0.1 7.5 -9 Kjeldsen et al., 2002 

Alkalinity (expressed as mg 

CaCO3/L) 

710 ± 1% 600 – 17,000 Robinson, 2007; Kjeldsen et al., 2002 

Total suspended solids (mg/L) 86 ± 6% N/Aa - 

Total organic carbon (mg/L) 304 ± 8% 100 - 5000 Robinson, 2007 

Ammonia (mg/L) 84 ± 4% 100 - 2500 Robinson, 2007; Kjeldsen et al., 2002 

Metalsb (mg/L)    

Calcium 93 ± 11 60 - 600 Robinson, 2007; Kjeldsen et al., 2002 

Iron 5.2 ± 0.4 3 - 280 Kjeldsen et al., 2002 

Magnesium 23.6 ± 0.7 40 - 350 Kjeldsen et al., 2002 

Anions (mg/L)    

Fluoride 1 ± 50% N/A - 

Chloride 188 ± 0.5% 200 - 3000 Kjeldsen et al., 2002 

Sulfate 31.3 ± 1.6% 10 - 420 Kjeldsen et al., 2002 

Sediment Characteristics    

Electrical Conductivity (mS/m) 6.8 N/A  

Moisture Content (%) (wet wt. 

basis) 

74 ± 0.2%   

Organic Content (%) (dry wt. basis) 1.8 ± 0.1%   
aN/A: not available; bmetals higher than the detection limit (0.5 mg/L) are shown  

 

 Microcosm operating conditions of live controls 

The variation of headspace oxygen content, pH, TOC, ammonia and nitrate for the live-control (no 

spike) microcosms over 90 d of operation are shown in Figure 3.1. The initial headspace oxygen 

content (16%) decreased throughout the experiment, indicating aerobic respiration. The 

headspaces were reaerated by flushing with air at 30 d (Figure 3.1a) to maintain aerobic conditions 

throughout the experimental period. The observed minimum headspace oxygen content (6%) was 

higher than the recommended minimum of 10% oxygen saturation (i.e., 2% oxygen content; v/v) 

(King et al., 1997) used in biotransformation studies (Mejia-Avendaño et al., 2016). The live-

control microcosms pH was ~8 on day 0, dropping to ~7 by day 14 and then remaining nearly 

constant throughout the rest of the experiment (Figure 3.1b). The initial drop in pH and faster 
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oxygen depletion within the first 30 days coincided with observed nitrification (Figure 3.1c) in 

live-controls. Significant alkalinity was lost to neutralize the hydrogen ions released during 

ammonia oxidation (Equation 3.1), the first step of nitrification (Equations 3.1 and 3.2).  

2NH4
+ + 3O2 → 2NO2

-+ 4H+ + 2H2O                                                                         (3.1) 

2NO2
-+ O2→2NO3

-                                                                                                                                                         (3.2) 

 

Figure 3.1 Time variation of a) headspace oxygen content, b) pH, c) nitrogenous compounds, d) 

total organic carbon (TOC) in the dissolved phase of the live controls (without any spiking). 

Absolute range of duplicate samples (n=2) is shown by error bars.  

Nitrifiers also use inorganic carbon (e.g., bicarbonate) as a carbon source. The high alkalinity (i.e., 

buffering capacity) of landfill leachate (Table 3.2) favoured the growth of nitrifiers and did not 

allow the pH to drop excessively (Figure 3.1b). It is known that nitrification can occur by 

autotrophic and heterotrophic bacterial activity (Watson et al., 1981). Autotrophic bacteria are 

thought to be primarily responsible for aerobic nitrification in the natural environment, as 
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heterotrophic nitrifiers have significantly slower kinetics (Braker and Conrad, 2011; Ward B., 

2011; Tortoso and Hutchinson, 1990). Recent studies have reported higher PFCA formation in the 

presence of increased ammonia-oxidizing activity (Yu et al., 2018a and 2018b). Therefore, the 

activity of nitrifiers in landfill leachate is likely to affect the biotransformation of 8:2 FTOH and 

6:2 FTS. Nitrifying bacteria are obligate aerobes; the near-complete nitrification in this study 

suggest that aerobic condition prevailed in the microcosms throughout the experiments. 

The initial TOC of the dissolved phase (~200 mg/L) decreased slowly throughout the 

experiments and reached an average removal of 35% by day 90 (Figure 3.1d). The incomplete 

removal of TOC is likely due to the presence of recalcitrant organics in the leachate (Kjeldsen et 

al., 2002). Overall, oxidation of leachate organics indicates the presence of aerobic heterotrophic 

bacteria in the live microcosms.  

 FTCs and PFCAs in background landfill leachate and sediment 

Among the known metabolites of parent compounds, PFPeA, PFHxA, PFHpA, PFOA, 7:3- and 

5:3 FTCAs were observed in the sterilized and live matrix controls at comparable levels, with little 

variation throughout the biotransformation experiment (Figure 3.2). The n:3 FTCAs observed in 

live-control microcosms (Figure 3.2b) are not known to be manufactured and are almost 

exclusively formed through biotransformation of FTCs (e.g., 8:2 FTOH, 6:2 FTOH, 6:2 FTS etc.). 

Therefore, the presence of n:3 FTCAs in live-control microcosms (Figure 3.2b) at day 0 indicated 

that FTC biotransformation was likely occurring in the leachate collection ditch from which the 

sediment and landfill leachate were sampled. At 90 d, the sum of the quantified products in live-

controls was equivalent to ~1 mol% of the 8:2 FTOH and ~0.2 mol% of the 6:2 FTS spiked at day 

0, significantly less than observed in the live-spiked microcosms, as discussed below in section 

3.3.4. 
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Figure 3.2 Background concentrations of a) perfluorocarboxylic acids (PFCAs) in live-controls 

(no 8:2 FTOH/6:2FTS spike); b) fluorotelomer acids live-controls; c) PFCAs in sterile-controls; 

d) fluorotelomer acids sterile-controls throughout the experimental period. Absolute ranges of 

the duplicate samples (n = 2) are expressed by error bars. Error bars smaller than the symbol 

height are not visible. 

 Biotransformation of spiked parent compounds in landfill leachate and sediment 

The biotransformation products of 8:2 FTOH and 6:2 FTS are shown in Figure 3.3. The 

biotransformation rates, products and yields observed in this study are compared with those from 

previous studies in Tables 3.3 and 3.4 for 8:2 FTOH and 6:2 FTS, respectively. Mass balances of 

the spiked 8:2 FTOH and 6:2 FTS are presented in Figure 3.4. 

 Biotransformation products of spiked 8:2 FTOH and 6:2 FTS 

Production of known biotransformation products (Figures 3.3a and b), along with the decreasing 

trend of 8:2 FTOH in live-spiked microcosms (Figure 3.4a), suggest that 8:2 FTOH was 

undergoing aerobic biotransformation in the live landfill leachate-sediment microcosms. Six 

known metabolites of 8:2 FTOH were quantified (Figure 3.3a and b) with molar yield > 9% of the 
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initially spiked 8:2 FTOH at 90 d. The observed product yield was slightly less than previously 

reported yields of 8:2 FTOH products in soil and activated sludge, which ranged between 10 to 

40% for experimental durations of 30 to 210 d (Wang et al., 2005a, 2005b; 2009) (Table 3.3). 8:2 

FTOH gradually degraded into four main products PFHxA, PFHpA, PFOA and 7:3 FTCA (sum 

>7 mol% yield after 90 d), with PFOA being the most abundant product (~2.8%). While most 

previous 8:2 FTOH biotransformation studies did not observe PFHpA in pure culture, mixed 

culture and soil (Table 3.3), Yu et al. (2016), using activated sludge from an industrial WWTP, 

reported generation of PFHpA (0.21 mol% after one day) from 8:2 FTOH under aerobic 

conditions. Transient metabolites included 7:2s FTOH and 8:2 FTUCA.  Although 7:3 FTUCA, a 

known precursor of 7:3 FTCA, was detected in LC-MS/MS (Figure B.2 of Appendix B), it was 

not quantified due to the lack of an authentic standard. 8:2 FTCA, a precursor of 8:2 FTUCA was 

not observed in any of the live-spiked samples, likely due to its rapid transformation to 8:2 FTUCA 

by microbes (Wang et al., 2009). Also, defluorination of 8:2 FTCA to form 8:2 FTUCA could 

occur abiotically during sample extraction or storage in the presence of a base (Liu and Mejia-

Avendaño, 2013; Wellington Laboratories, 2012). No peaks were observed for relatively newly 

identified products 3-hydroxy-7:3 saturated fluorotelomer carboxylate (3-OH-7:3 FTCA), 2H-

polyfluorooctanoic acid (2H-PFOA) and unsaturated perfluorooctanoic acid (uPFOA) 

(Washington et al., 2015c). 
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Table 3.3 Comparison of experimental conditions and major outcomes of previous and current FTOH aerobic biotransformation 

studies 

 

ahalf-life was calculated based on loss of parent compound (total 9 data points as shown in Figure B.3 of Appendix B); bN.A: not available; 

Parent 

compound 
Degradation media  Duration (d) 

Spiking 

concentration 
Stable products (yield in mol%) Half-life (d) Reference 

8:2 FTOH 

 

Landfill leachate and 

sediment 
90  ~0.5 µmol/L 

PFOA (2.8 %), 7:3 FTCA (1.5%), PFHxA (0.5%), 

PFHpA (0.5%), 8:2 FTUCA (1.8%) 

>365a 

(R2 = 0.77) 
This study 

Ethanol degrading 

mixed microbial culture 
80 750 µg/L 8:2 FTCA, 8:2 FTUCA (prominent), PFOA  N.Ab 

Dinglasan et al., 

2004 

Soil and pure culture of 

soil microbes 
Up to 67 

100 µg of 8:2 

FTOH/g soil 

7:2 sFTOH, PFOA, PFHxA, 8:2 FTCA, 8:2 

FTUCA, 7:3 FTCA, and 7:3 FTUCA 
N.Ab Liu et al., 2007 

Industrial WWTP 

sludge 
1 50 µg/L PFHxA (0.18%), PFHpA (0.21%), PFOA (2.24%) <1 Yu et al., 2016 

14C labelled 

8:2 FTOH 

Soil (14C labelled and 

native 8:2 FTOH) 
210 20 µg/g dry soil PFOA (25%), 7:3 FTCA (11%), 2H-PFOA <7  Wang et al., 2009 

Activated sludge 120 986 – 1049 µg/L  

7:2 sFTOH, 7:3 FTUCA, 7:3 U amide, 8:2 FTAL, 

8:2 FTCA, 8:2 FTUCA, 7:3 FTCA, PFOA, 

PFHxA 

- Wang et al., 2005b 

Diluted WWTP sludge 28  306 (±9) µg/L  8:2 FTCA (27%); 8:2 FTUCA (6%); PFOA (2.1%) - Wang et al., 2005a 

4:2, 6:2 and 

8:2 FTOH 

P. oleovorans and P. 

butanovora bacterial 

culture 

28 ~0.8 µmol/L 

PFOA (7.9%), 7:3 FTUCA (2.9%), 7:3 FTCA 

(1.8%), PFHxA (0.62%), 8:2 FTUCA (~20%), 7:2 

sFTOH (~18%) 

N. A. Kim et al., 2012 

6:2 FTOH 

 

Mixed bacterial culture 

and aerobic soil  

90 d (bacterial 

culture) 

180 d (soil) 

2.8 – 20 µg/mL 

(bacterial culture) 

2.9 µg/g (soil) 

6:2 (6%) FTCA, 6-2 (23%) FTUCA, 5-2 sFTOH 

(16%), 5-3 acid (6-15%), PFHxA (5-8%) 

-mass balance in PFPeA (30%), PFBA (2%) 

<2  Liu et al., 2010c 

River sediment 100 - 
5:3 FTCA (22.4%), PFPeA (10.4%), PFHxA 

(8.4%), PFBA (1.5%), 4:3 FTCA (2.3%) 
<2 Zhao et al., 2013a 

Activated sludge 60 1.57 – 3.13 mg/L PFHxA (11%), 5:3 FTCA (14%), PFPeA (4%) <2 Zhao et al., 2013b 

River sediment 28 5 – 15 mg/L 

5:2 sFTOH (28%) 5:3 FTCA, (9.6%), PFHxA 

(11%) in high dose; 5:2 sFTOH (73%), 5:3 FTCA 

(23%), PFHxA (26%) in low dose 

<3 Zhang et al., 2017 

[1,2-14C] 6:2 

FTOH 
Soil 84 2.9 µg/g 

5:2 sFTOH, 5:3 FTCA (12%), PFHxA (4.5%), 

PFPeA (4.2%) 
1.3  Liu et al., 2010b 
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Table 3.4 Comparison of experimental conditions and major outcomes of previous and current 6:2 FTS biotransformation studies 

under aerobic condition 

 

ahalf-life was calculated based on loss of parent compound (total 9 data points); bN.A: not available 

 

 

 

Degradation media  
Duration 

(day) 

Spiking 

concentration 
Stable products (yield in mol%) Half-life (day) Reference 

Landfill leachate and 

sediment 
90 ~3 µmol/L 

PFBA (0.6%), PFPeA (5.6%), PFHxA (3.1%), 5:3 

FTCA (0.2%), 5:2 sFTOH (0.6 %) 

~86a  

(coefficient of 

determination R2 = 0.86) 

This study 

Activated sludge 90 2.2 mg/L 
5:3 FTCA (0.12%), PFBA (0.14%), PFPeA 

(1.5%), and PFHxA (1.1%) 
~730 

Wang et al., 

2011 

Gordonia sp. strain NB4-1Y 5  N.A.b 
5:3 FTCA, 6:2 FTCA, 6:2 FTUCA and 5:3 

FTUCA 
Not reported 

Van Hamme 

et al., 2013 

Activated sludge Upto 40 weeks 500 mg/L No observable biotransformation - 

Ochoa-

Herrera et al., 

2016 

River sediment 90 2.8 nmol/L 
5:3 FTCA (16%), PFPeA (21%) and PFHxA 

(20%) 
<5  

Zhang et al., 

2016 

Gordonia sp. strain NB4-1Y  7 N.A. 
5:2 FT ketone (43.9%), 5:2 sFTOH (8.97%), and 

6:2 FTOH (4.14 %) 
<7 

Shaw et al., 

2019 



 

Figure 3.3 Formation of a) fluorotelomer compounds from 8:2 FTOH, b) perfluorocarboxylic 

acids (PFCAs) from 8:2 FTOH, c) fluorotelomer compounds from 6:2 FTS and d) short-chain 

PFCAs from 6:2 FTS in landfill leachate over the experimental period of 90 days. Absolute 

ranges of the duplicate samples (n = 2) are expressed by error bars. Error bars smaller than the 

symbol height are not visible. 

The average molar yield of the six quantified products (Figures 3.3c and d) of 6:2 FTS was 

~10.8% at the end of 90 d, slightly higher than previously reported (Wang et al., 2011) yields in 

activated sludge (6.3% at 90 d). However, the observed yield in this study is lower than that in 

river sediment (>57% at 90 d) (Zhang et al., 2016) and in pure culture of Gordonia sp. strain NB4-

1Y (Shaw et al., 2019; Van Hamme et al., 2013), that can metabolize 6:2 FTS as a sole sulfur 

source in sulfur-limiting conditions (>57% after 7 d) (Table 3.4). PFHxA, PFPeA, PFBA, 5:3 

FTCA and 5:2 sFTOH were the terminal products in our study, with PFPeA being the most 

abundant product on day 90 (5.6%), followed by PFHxA (3.1%). Previous studies (Zhang et al., 

2016; Wang et al., 2011) using mixed microbial communities also reported PFPeA and PFHxA to 



41 

 

be the primary end products, suggesting that aerobic biotransformation of 6:2 FTS is a source of 

short-chain PFCAs to the environment.  

Comparison of the biotransformation products quantified here under aerobic conditions with 

those of the reported PFAS released from anaerobic landfill reactors (Lang et al., 2016; Allred et 

al., 2015) indicates that PFCAs and FTCAs are primary contributors, suggesting the formation of 

similar products. The authors (Lang et al., 2016; Allred et al., 2015) also reported the persistence 

of FTS compounds (e.g., 6:2 FTS) in the leachate, which will likely undergo biotransformation 

under aerobic condition following collection and removal of the leachate. 

 Biotransformation rates and products yield of 8:2 FTOH and 6:2 FTS 

8:2 FTOH biodegraded gradually in aerobic live samples with ~30 mol% remaining in sediment-

leachate solution after 90 d.  Wang et al., (2009) reported rapid biotransformation (>90% removal) 

of 8:2 FTOH within in aerobic soil, with early transient metabolites like 8:2 FTUCA reaching peak 

concentrations within 2 – 3 d, whereas stable metabolites (e.g., PFOA) achieved steady-state 

concentrations after 7 – 14 d. In our study, as shown in Figure 3.3a, 8:2 FTUCA reached a peak 

concentration after 60 d (~1.4 mol%), whereas PFOA needed 90 d to reach a steady-state 

concentration, with average yields of ~2.8 mol% (Figure 3.3b). Generally, 8:2 FTOH half-lives in 

the range of > 7 d have been reported in aerobic soils (Table 3.3). However, Washington et al. 

(2015b) found that 8:2FTOH had a half-life of ~210 d in saturated Appling Soil, which is closer 

to the value calculated in this study (>1 year). The slower biotransformation could be attributed to 

the cometabolic nature of FTOH biotransformation (Lewis et al., 2016; Kim et al., 2012). 

Cometabolic biotransformation allows the transformation of a non-growth substrate (e.g., FTOH) 

in the presence of a growth substrate (e.g., organic carbon, ammonia) (Dalton and Stirling 1982), 

making the process depend on the concentration and nature of the growth substrates (Fischer and 

Majewsky, 2014). Although the presence of growth substrates is a requirement for cometabolic 

biotransformation, orders of magnitude higher concentrations of the growth substrates may reduce 

the transformation of the micropollutant through competitive enzyme inhibition (Fischer and 

Majewsky, 2014; Plósz et al., 2009; Alvarez-Cohen and Speitel, 2001). The high dissolved organic 

carbon (Figure 3.1d) in the live-controls indicates additional carbon sources, which could retard 

the biotransformation of 8:2 FTOH (Lewis et al., 2016). 7:2 sFTOH, a previously reported (Liu et 
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al., 2007; Wang et al., 2009) major transient metabolite of 8:2 FTOH, formed during the initial 

stage, was quickly converted to downstream products (e.g., PFOA). In this study, 7:2 sFTOH 

remained below the quantification limit in the headspace until 23 d and accounted for <0.2 mol% 

after 60 d (Figure 3.3a), suggesting the slow transformation of 8:2 FTOH to 8:2 FTUCA  

Another transient metabolite, 7:3 FTUCA, was observed in the sediment-leachate extracts but 

was not quantified due to the lack of an authentic standard (Figure B.1). The metabolite reached a 

peak, around 20 – 30 d and then decreased rapidly. Three stable products, PFHpA, PFHxA and 

7:3 FTCA, reached steady-state levels after 23 d, with average yields of ~0.3, 0.4 and 0.6 mol%, 

respectively (Figure 3.3b).  

Biotransformation of 6:2 FTS in landfill leachate was incomplete (>50% remaining) after 90 

d, similar to what has been reported in activated sludge (Wang et al., 2011). Transient metabolites 

like 6:2 FTUCA reached maximum levels at around 30 – 45 d and then fell below the detection 

limits, resulting in an increase in downstream product (e.g., 5:2 sFTOH) concentrations (Figure 

3.3c). More abundant end products (e.g., PFHxA and PFPeA) were still increasing after 90 d 

(Figure 3.3d). The lack of significant accumulation of the transformation intermediates (Figure 

3.3c) suggests that the initial desulfonation was likely the rate-limiting step in 6:2 FTS 

biotransformation. A previous study (Shaw et al., 2019) with pure microbial culture showed that 

limiting sulfur can accelerate 6:2 FTS biotransformation. Therefore, alternate sulfur availability in 

landfill leachate (sulfate concentration ~0.32 mM, Table 3.2) might have contributed to the 

observed slower kinetics of 6:2 FTS biotransformation. In addition, the cometabolic nature of 6:2 

FTS biotransformation suggests that the presence of large numbers of xenobiotic organic 

compounds in the landfill leachate (Clarke et al., 2015; Eggen et al., 2010) increases competition 

for the active sites in enzymes, resulting in slower biotransformation. 

3.3.6.1 Comparison of 8:2 FTOH and 6:2 FTS product yields 

6:2 FTS yielded products more quickly than 8:2 FTOH, as the time to reach a peak for 6:2 FTUCA 

was <45 d (Figure 3.3c), compared to ~60 d for 8:2 FTUCA (Figure 3.3a). In addition, higher 

accumulation of PFCAs was observed for 6:2 FTS compared to 8:2 FTOH (Figures 3.3b and d). 

Longer fluorinated chain and neutral functional groups in 8:2 FTOH could result in lower 
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solubility, leading to lower bioavailability compared with 6:2 FTS, resulting in lower 

biotransformation potential (Liu and Mejia-Avendaño, 2013). Similarly, 5:3 FTCA, a major 

product of 6:2 FTS in river sediment (Zhang et al., 2016) and activated sludge (Wang et al., 2011), 

did not show accumulation in leachate (Figure 3c), suggesting that it was likely undergoing further 

biotransformation to produce smaller chain PFCAs (e.g., PFBA, PFPeA) (Liu and Mejia-

Avendaño, 2013; Wang et al., 2012a). 5:3 FTCA, also reported to be a dominant compound in 

leachate in U.S. landfills under anaerobic conditions (Lang et al., 2017), would likely undergo 

further biotransformation when the leachate is subjected to aerobic conditions. In contrast, during 

the corresponding periods, products of 8:2 FTOH, (i.e., 7:3 FTCA shown in Figure 3.3a), were 

accumulating in the leachate-sediment system and accounted for >1 mol% of the initially spiked 

8:2 FTOH after 90 d. Higher biotransformation potential of the 6:2 FTS and its transformation 

intermediates imply that the shift towards short-chain FTC likely results in higher concentrations 

of short-chain PFCAs in landfill leachate, and possibly also in wastewater. 

 Mass balances of 8:2 FTOH and 6:2 FTS 

The overall mass balances representing the sum of recovered 8:2 FTOH and 6:2 FTS from spiked 

microcosms are shown in Figures 3.4a, b and c, respectively. The observed recovery of 8:2 FTOH 

(81 – 100%) from sterile control samples (Figure 3.4b), was in a range similar to that reported for 

FTOHs recovery from sediment (82 – 122%) (Zhao et al., 2013b) and soil (87 – 113%) (Liu et al., 

2010c). The recovery of 81 – 100% of the spiked 8:2 FTOH demonstrates the integrity of the 

microcosm set-up and the efficiency of our extraction methods. However, the mass of 8:2 FTOH 

recovered from live-spiked microcosms showed a decreasing trend, reaching ~65% after 90 d 

(Figure 3.4a). By day 30, 8:2 FTOH recovered from headspace accounted for ~17% of dosed 8:2 

FTOH, which increased slightly following reaeration at day 30 and averaged around 24% at 90 d. 

For the sterile microcosms, 19 % of the spiked 8:2 FTOH partitioned to the headspace of the sterile 

microcosms by 14 d, and it varied between 19 and 21% after that (Figure 3.4b). In general, previous 

studies (Wang et al., 2005b, 2009; Liu et al., 2007) reported higher partitioning of FTOHs in the 

headspace of sterile microcosm compared with live microcosms. However, previous studies have 

also observed rapid biotransformation (half-life <7 d) of spiked 8:2 FTOH, limiting availability of 

8:2 FTOH to headspace from soil or activated sludge in live microcosms (Liu et al., 2007; Wang 
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et al., 2005a, 2005b, 2009). It is likely that the slower biotransformation observed by us in landfill 

leachate compared to previous studies (Table 3.3) resulted in more time for 8:2 FTOH to leave the 

sediment-leachate phase in live-spiked microcosms compared to previous studies (Liu et al., 2007; 

Wang et al., 2005a, 2005b, 2009). Therefore, leachate storage (e.g., in the evaporation pond) and 

on-site treatment, especially involving aeration (e.g., aerated lagoons, air stripping, etc.), could 

represent a significant pathway for semi-volatile precursors (e.g., 8:2 FTOH) to enter the 

atmosphere.  

More than 25% of the initially spiked 8:2 FTOH was unaccounted for after 90 d, likely due to 

unknown metabolites and known metabolites (e.g., 7:3 FTUCA, 7:2 FT ketone and 8:2 FT 

aldehyde) that could not be quantified due to lack of authentic standards. In addition, irreversible 

binding of 8:2 FTOH and its metabolites has been previously reported in soil (Wang et al., 2009; 

Liu and Lee, 2005), which might explain the decreasing mass recovery from the sediment-leachate 

phase of the live-spiked samples (Figure 3.4a). The overall higher recovery of 8:2 FTOH from 

sterile samples (Figure 3.4b), compared to live-spiked microcosm (Figure 3.4a) indicates that 

binding of the organic matter and fluorinated chemicals were likely catalyzed by microbial 

enzymes (Zhao et al., 2013a; Liu et al., 2010b). Previous studies (Kaestner et al., 2014; Xu and 

Bhandari, 2003; Dec and Bollag, 1997; Bollag, 1991) demonstrated that oxidoreductase enzyme 

(e.g., peroxidase, laccase) are able to catalyze covalent bonds between organic pollutants and 

humic substances. The non-extractable residue of FTCs in soil/sediment has the potential to reduce 

their toxicity and bioavailability (Kästner and Richnow, 2001). However, with regards to 

bioremediation techniques, the long-term stability and remobilization potential of the non-

extractable residue of FTCs need to be assessed (Kästner and Richnow, 2001). 
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Figure 3.4 Concentrations of the 8:2 FTOH in various sampling media a) live-spiked; b) spiked 

sterile controls; c) concentrations of 6:2 FTS in spiked live and sterile microcosms. All 

concentrations are normalized to the initial spiking concentration (~500 nmol/L for 8:2 FTOH 

and ~3000 nmol/L for 6:2 FTS). Absolute ranges of the duplicate samples (n = 2) are expressed 

by error bars. Error bars smaller than the symbol height are not visible. 

The observed average recovery of 90 – 110% in the sterile control microcosm indicates that 

our extraction method was able to recover 6:2 FTS efficiently from landfill leachate and sediment. 

Live-spiked microcosms showed a decreasing trend of recovered 6:2 FTS, reaching about 53% 

after 90 d (Figure 3.4c). This suggests the loss of the parent compound by biotransformation and 
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irreversible adsorption. Considering the formation of biotransformation products, ~35% of the 

spiked 6:2 FTS was unaccounted for at 90 d, slightly more than for 8:2 FTOH (Figure 3.4a). 

Overall, the greater biotransformation extent of 6:2 FTS translates into more unaccounted 

transformation products and their non-extractable bound residue in sediment, compared to 8:2 

FTOH. 

 Biotransformation pathways of 8:2 FTOH and 6:2 FTS 

Detection of PFCAs and X:3 acids indicates that the biotransformation of 8:2 FTOH and 6:2 FTS 

follow pathways in the sediment-leachate system similar to those in activated sludge, river 

sediment and soil; although with different molar yields of the metabolites, as outlined in Tables 

3.3 and 3.4. The biotransformation pathways of 8:2 FTOH and 6:2 FTS are summarized based on 

this study and previous studies (Van Hamme et al., 2013; Wang et al., 2005a, 2005b, 2009, 2011) 

in Figure 3.5. 

Biotransformation of 6:2 FTS starts by microbial desulfonation, likely catalyzed by oxygenase 

enzymes (Van Hamme et al., 2013; Wang et al., 2011), leading to the formation of 6:2 FTOH, 

which then follows the same alcohol metabolism pathway as for 8:2 FTOH (Figure 3.5). FTOHs 

are first oxidized to fluorotelomer aldehyde (FTAL) (Wang et al., 2005a) by alcohol 

dehydrogenase enzyme, which is further oxidized to FTCA, likely by aldehyde dehydrogenase 

(Cederbaum, 2012). The FTCA is converted to FTUCA through the first defluorination reaction 

with a dehydrohalogenation mechanism. Dehydrohalogenation involves removal of a halide atom 

from one carbon atom, with the removal of a hydrogen atom from an adjacent carbon 

atom, followed by the formation of a double bond (Vogel et al., 1987). This process can be biotic 

(Wang et al., 2009) or abiotic, as observed for chlorinated insecticides (Gianfreda & Bollag 2002; 

Nagata et al., 1993; Imai et al., 1989). The significant role of abiotic dehydrohalogenation in the 

biotransformation of chlorinated solvents at an environmentally relevant pH range is well 

documented (He et al., 2015; Tobiszewski and Namieśnik, 2012). Formation of FTUCA is a vital 

branching point in FTC biotransformation, following which the pathway may proceed in two ways, 

the PFCA pathway or the X:3 acid pathway (Figure 3.5). In the PFCA pathway, FTUCA is 

biotransformed into FT ketone (Wang et al., 2009) through multiple steps involving defluorination 

and decarboxylation. The ketone is then converted to secondary FTOHs. PFCAs are formed from 
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secondary alcohols, possibly via multiple enzymatic steps (Kim et al., 2012), which are unknown 

at this time. 

The X:3 acid pathway involves defluorination of n:2 FTUCA (n = 6 or 8) to X:3 FTUCA, 

subsequent reduction of X:3 FTUCA to X:3 FTCA by double bond reductase at the expense of 

nicotinamide-adenine dinucleotide phosphate (NAD[P]H), which serves as the hydride donor 

(Huang et al., 2014; Van Hamme et al., 2013). X:3 FTUCA can also enter a “one-carbon removal 

pathway” leading to the formation of PFCAs, as described by Wang et al., 2012a.  

Since biotransformation of X:3 FTCA is known to produce more short-chain PFCAs (Figure 

3.5), it might be desirable from the bioremediation point of view to shift the transformation of 

FTCs in leachate-sediment towards the X:3 pathway. This is especially relevant for long-chain 

compounds like 8:2 FTOH, whose biotransformation proceeds via the PFCA pathway and 

primarily produce legacy contaminants like PFOA (Figure 3.3b). To date, the factors controlling 

the split between the PFCA and X:3 pathways in complex mixed microbial cultures such as landfill 

leachate are unknown. In addition, lower biotransformation potential of 7:3 FTCA (section 3.3.5) 

might present a bottleneck in utilizing the X:3 pathway. Further studies are needed to understand 

the environmental and physiological conditions that enhance bioavailability and biotransformation 

of 7:3 FTCA (Wang et al., 2012a) during biological leachate treatment.  
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Figure 3.5  Aerobic biotransformation pathways of 8:2 FTOH and 6:2 FTS in sediment-leachate 

in comparison with previous studies. The metabolites in blue have been reported in previous 

studies (adapted from Wang et al., 2005a, 2005b, 2009, 2011).  
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3.4 Conclusions and future research 

Under aerobic conditions, 8:2 FTOH and 6:2 FTS persisted in landfill leachate and sediment (half-

life >>30 d). Slower biotransformation led to significant partitioning of 8:2 FTOH to the gas phase, 

suggesting that landfills may act as secondary sources for semi-volatile FTOHs in the environment. 

The abundance of PFOA as an 8:2 FTOH biotransformation product suggests that landfills 

represent a long-term source of legacy contaminants like PFOA in the environment. 

Transformation of predominantly C4 to C6 PFCAs from 6:2 FTS indicates that the shift towards 

short-chain fluorotelomer replacements results in a greater abundance of short-chain PFCAs in 

landfill leachate, followed by their release to the aquatic environment.  

The biotransformation of fluorotelomer compounds in leachate was accompanied by the 

oxidation of organic carbon and conversion of ammonia to nitrate, indicating heterotrophic and 

autotrophic microbial growth. Knowing the role of various microbial communities could provide 

a better understanding of the fate of FTCs in various unit processes during biological leachate 

treatment. It is likely that the dissolved organic carbon of the landfill leachate supplied additional 

carbon source and retarded the overall 8:2 FTOH and 6:2 FTS biotransformation, which have been 

characterized as cometabolic in nature. Further studies are needed to elucidate the effect of leachate 

constituents (e.g., organic carbon, ammonia) on FTCs biotransformation. While soil/sediment-

bound residue can potentially reduce toxicity and bioavailability of FTCs, long-term stability and 

remobilization potential of such residue from contaminated soil (e.g., with subsurface leachate 

migration) need to be studied. Future research is also necessary to develop effective removal 

techniques for short-chain PFCAs from landfill leachate to limit their release in the environment.  
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Chapter 4: Effect of Substrate Concentrations on Aerobic Biotransformation 

of 6:2 Fluorotelomer Sulfonate in Landfill Leachate 

4.1 Introduction 

Fluorotelomer sulfonates (FTSs) are widely used as surfactants and water repellents in various 

coatings, paints, adhesives, wax and polishes applied as surface treatment agents in numerous 

consumer products made of paper, wood, leather and textiles (DuPont, 2012). Short-chain (<C7) 

sulfonates such as 6:2 FTS are increasingly replacing legacy long-chain fluorinated compounds 

(e.g., perfluorooctane sulfonate (PFOS)) as mist suppressant products, such as Fumetrol 21, in 

chrome plating (Yang et al., 2014; Poulsen et al., 2011). As 6:2 FTS-containing consumer products 

are disposed at the landfill at the end of their useful lives, 6:2 FTS have been detected in landfill 

leachate at a concentration range between 20 and 500 ng/L (Knutsen et al., 2019; Allred et al., 

2014; Lang et al., 2017). 

Previous studies have shown that 6:2 FTS biotransformation can lead to the formation of 

mixtures of short-chain (C4 – C6) PFCAs and fluorotelomer acids in various environmental media 

(e.g., river sediment, activated sludge) (Ochoa-Herrera, 2016; Zhang et al., 2016; Wang et al., 

2011), including landfill leachate (section 3.3.5 in Chapter 3). Depending on environmental media, 

the biotransformation rate of 6:2 FTS can vary substantially, with half-lives ranging between less 

than a week to years (Zhang et al., 2016; Wang et al., 2011) (Table 3.3 Chapter 3). The molar 

yields of stable products (e.g., PFCAs) also vary based on the biotransformation medium. Short-

chain PFCAs are highly mobile (water solubility >20 g/L) (Ateia et al., 2019; Brendel et al., 2018; 

Vierke et al., 2014; Wang et al., 2011), resulting in their widespread detection in ground and 

surface water (Banzhaf et al., 2017; Yao et al., 2014; Backe et al., 2013), landfill leachate (Knutsen 

et al., 2019), ocean (Kwok et al., 2015), with a concentration range of single to several thousands 

of ng/L (Li et al., 2019). Concerns exist regarding the persistence of short-chain PFCAs (Cousins 

et al., 2016; Liu and Mejia-Avendaño, 2013), making it challenging to remove them from 

wastewater and drinking water (Li et al., 2019; Rahman et al., 2014). To limit the release of short-

chain PFCAs in the environment, it is important to understand the contribution of secondary 

sources such as biotransformation of fluorotelomer compounds. 
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Landfill leachate quality and quantity vary greatly depending on waste quantity and type, 

landfill age, climatic conditions, etc. (Tsarpali et al., 2012; Kjeldsen et al., 2010; Renou et al., 

2008). Biotransformation of fluorotelomer compounds are hypothesized to be cometabolic in 

nature (Lewis et al., 2016; Kim et al., 2012) and linked to growth substrates (e.g., total organic 

carbon, ammonia). Therefore, variation in the total organic carbon (TOC) and ammonia 

concentrations in leachate are expected to affect 6:2 FTS biotransformation outcomes (Fischer and 

Majewsky, 2014; Plósz et al., 2009), which are unknown to date. The overall goal of this study 

was to investigate the effect of varying concentrations of TOC and ammonia in 6:2 FTS 

biotransformation and PFCA formation in landfill leachate under aerobic conditions. To achieve 

this, 6:2 FTS biotransformation experiments were conducted in microcosms containing sediment, 

from a leachate collection ditch, which was added with deionized (DI) water, diluted landfill 

leachate or landfill leachate. Spiked 6:2 FTS and biotransformation end products (i.e., PFCAs) 

were quantified for each experimental condition to understand the effect of landfill leachate 

constituents on the production of PFCAs. Microbial communities under different experimental 

conditions were investigated using 16S rRNA sequencing to better understand their response to 

changing substrate conditions and the potential effect of 6:2 FTS biotransformation. 

4.2 Materials and methods 

 Materials, standards and reagents 

Landfill sediment and leachate were collected in August 2018, from a leachate collection ditch in 

a municipal landfill (location kept confidential at the request of the operator), and then used to 

prepare biotransformation microcosms. The sediment and leachate sampling have been described 

in section 3.2.2 of Chapter 3. Following the transport of the collected samples to the lab, sediment 

samples were wet sieved via a 2 mm sieve (ASTM E11 No. 10 size). Sieved sediment was stored 

overnight with 40 – 50 mm of leachate on top at 4°C and then used for microcosm preparation the 

next day. The initial physical and chemical characteristics described in Table 4.1 showed overall 

higher organic and inorganic leachate constituents compared with the leachate used for the 90 days 

(d) study described in Chapter 3. This is because the preceding 30 d of the sampling day recorded 

<10 mm rainfall at the landfill site, resulting in a more concentrated in leachate. 
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6:2 FTS and three of its known biotransformation products (perfluorobutanoic acid (PFBA), 

perfluoropentanoic acid (PFPeA) and perfluorohexanoic acid (PFHxA)) were monitored. 

Perfluoroheptanoic acid (PFHpA) and perfluorooctanoic acid (PFOA) were also quantified to 

monitor background biotransformation of longer chain fluorotelomer compounds (e.g., 8:2 

fluorotelomer alcohol) already present in the landfill leachate or sediment, which can also 

contribute towards PFHxA formation (see Section 3.3.5 in Chapter 3). The acronyms, CAS number 

and suppliers of the analytes of interest are listed in C.1 of Appendix C. HPLC grade ammonium 

acetate, methanol and acetonitrile were purchased from Fisher Scientific, Canada. Ultrapure water 

(Type 1) from a Milipore® system was used for all purposes. Oasis weak anion exchange (WAX) 

(6 cc/30 µm) was obtained from Waters (MA, USA). Millex® syringe filters (0.45 µm, 33 mm 

diameter) with hydrophilic polyvinylidene fluoride (PVDF) membranes were purchased from 

MilliporeSigma, Canada. 

Table 4.1 Initial characterization of sediment and leachate samples (n=3) 

Sediment Characteristics  

pH 7.5 ± 0.2%  

(sediment: distilled water 1:2 v/v) 

Moisture content (%) (wet wt. basis) 80 ± 0.5% 

Organic content (%) (dry wt. basis) 7 ± 3% 

Leachate Characteristics  

pH 8.3 ± 0.4% 

Electrical conductivity (mS/m) 28 ± 3% 

Total organic content (mg/L) 540 ± 4% 

Alkalinity (mg CaCO3 mg/L) 1870 ± 1% 

Ammonia (mg/L) 145 ± 2% 

       Metalsa (mg/L)  

Calcium 147 ± 8% 

Magnesium 55 ± 7% 

Silicon  30 ± 4% 

      Anions (mg/L)  

Fluoride < 0.5 

Chloride 625 ± 1% 

Sulfate 39 ± 3% 
      ametals higher than the detection limit (0.5 mg/L) are shown 
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 Microcosm preparation 

Biotransformation microcosms were prepared, using the collected landfill sediment and leachate, 

in Wheaton glass serum bottles (125 mL) with aluminum crimp-sealed natural rubber stoppers. 

According to the experimental conditions shown in Table 4.2, each bottle received 15 g of wet 

sediment, 5 mL mineral media, and 10 mL landfill leachate or deionized (DI) water at various 

ratios. The preparation of mineral medium has been described in section 3.2.3 in Chapter 3. Sterile 

control microcosms were autoclaved using two cycles at 121°C for 1 h, with intermittent 

incubation (20°C for 24 h) between cycles. To prevent microbial growth in the sterile controls 

during incubation, 0.75 g/L of NaN3 was added to each sterile bottle. NaN3 is commonly used as 

an inhibitor of bacterial activity.  It is an effective electron transport chain inhibitor for cytochrome 

oxidase and catalase (Keilin, 1936), that causes chemical asphyxiation of the cell (Winter et al., 

2012). The live-spiked and sterile microcosms were dosed with a diluted stock of 6:2 FTS (50 g/L 

in DI water) to achieve a spiking concentration of ~650 µg/L. The live-controls were dosed with 

an equal volume of DI water only. All microcosms were placed inside a dark, temperature-

controlled (20 °C) orbital shaker at 150 rpm (Innova 4200, New Brunswick Incubator Shaker). 

Table 4.2 Experimental conditions of 6:2 FTS aerobic biodegradation 

 
Condition name Microcosm Spikea Inhibitor 

Live-

spiked 

Deionized (DI) water Sediment, DI water, mineral media 6:2 FTS None 

Diluted leachate 
Sediment, leachate diluted with DI water 

(50:50; v/v), mineral media 
6:2 FTS 

None 

Leachate Sediment, landfill leachate, mineral media 6:2 FTS None 

Sterile-

control 
Sterile 

Sterilized sediment, landfill leachate, 

mineral media 
6:2 FTS NaN3 

Live-

controls 

DI water control Sediment, DI water, mineral media None None 

Diluted leachate control 
Sediment, leachate diluted with DI water 

(50:50; v/v), mineral media 
None None 

Leachate control Sediment, landfill leachate, mineral media None None 

aSpiking concentration of 6:2 FTS was  ̴ 650 µg/L 

 

 Sample collection, preparation and instrumental Analysis 

For each experimental condition listed in Table 4.2, duplicates microcosms were sacrificially 

sampled after 0, 1, 4, 7, 14, 30 and 60 days (d). On each sampling day, the headspace concentration 
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of O2 was measured in the sampled live-spiked, live-controls and sterile-controls using a Quantek 

oxygen analyzer 905 (Grafton, MA, USA), followed by pH measurement of the microcosm 

slurries. At 30 d, the headspace O2 level in the live-spiked and live-control microcosms approached 

the recommended minimum level of 10% oxygen saturation (i.e., 2% headspace O2 content) 

(Mejia-Avendaño et al., 2016; Liu and Mejia-Avendaño, 2013). Therefore, the remaining bottles 

were reaerated (Figure 4.1a). TOC, ammonia, nitrate and nitrite were also determined on each 

sampling day, using the dissolved phase (filtered through 0.45 µm filter paper) of the microcosms. 

To determine 6:2 FTS and PFCAs, 10 mL of microcosm slurry was collected on each sampling 

day, stored at -17°C and subsequently extracted within two weeks. In addition, a 5 mL sample was 

withdrawn from each replicate on days 0, 7, 14, 30 and 60, and stored at -80°C for microbial 

community analysis. 

 Poly- and perfluoroalkyl substance (PFAS) analysis 

The PFCAs were extracted from a 5 mL sample added with MPFHxA as surrogate standard, using 

two cycles of solvent extraction (5 mL 50% (v/v) acetonitrile and methanol). The extracts were 

diluted with DI water and cleaned up with solid-phase extraction (SPE) using Oasis WAX® 

following a modified method (USEPA 2011). The SPE extract was dried under a gentle N2 stream, 

reconstituted with injection solvent (95% aqueous methanol) and spiked with labelled internal 

standards (M3PFBA and MPFOA) prior to HPLC-MS/MS analysis. Extraction of 6:2 FTS was 

done using 0.5 mL of sample added with M2_6:2FTS as surrogate standard, and two cycles of 

solvent extraction. The extract was centrifuged, filtered through a 0.45 um PVDF syringe filter, 

added with internal standard (M8PFOA) analyzed using HPLC-MS/MS. The detailed extraction 

and clean-up methods for PFCAs and 6:2 FTS are provided in section C.2 of Appendix C. 

 The separation of PFASs was done using an Agilent 1200 series HPLC system (Agilent 

Technologies, CA, USA). 6 µL of sample was injected onto a Waters Xterra MS C18 column 

(100×2.1 mm, 3.5 µm particle size; Waters Corporation, Milford, MA), preceded by an Xterra MS 

C18 VanGuard cartridge (30×2.1 mm, 3.5 µm particle size Waters Corporation, Milford, MA). 

The mobile phase consisted of DI water with 5 mM ammonium acetate, and (B) 95% aqueous 

methanol with 5 mM ammonium acetate. The detailed solvent gradient and HPLC-MS/MS 

instrumental conditions are specified in C.3 of Appendix C.  
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 Organic and inorganic contents analysis 

The ammonia, nitrate and nitrite were analyzed by a QuickChem® (Lachat Instrumets, WI, USA) 

automated ion analyzer. A Phoenix® 8000 TOC analyzer (Teledyne Tekmar, OH, USA) using the 

UV-persulfate method was used for TOC analysis of the dissolved phase of the microcosms. 

Fluoride was analyzed by a Dionex™ (ICS-900) ion chromatography (IC) (Dionex Inc., 

Sunnyvale, CA, USA) system. The separation of anions in IC was done using an IonPac™ AS4A-

SC (4 mm × 250 mm) analytical column and IonPac™ AG4A-SC guard column. The mobile phase 

consisted of 3.5 mM sodium carbonate and 1.0 mM sodium bicarbonate (flow rate of 1.2 mL/min).  

 DNA extraction, PCR amplification, sequencing and post-sequencing analysis 

Duplicate microcosm samples on each sampling day (i.e., 0, 7, 14, 30 and 60 d) were mixed 

together, from which a 5 mL sample was withdrawn for deoxyribonucleic acid (DNA) analysis. 

DNA extraction and PCR, post-sequencing analyses were performed by Microbiome Insights 

(Vancouver, Canada). DNA was extracted using MoBio PowerMag Soil DNA Isolation Bead 

Plate, optimized for the Thermofisher KingFisher™ robot. Bacterial 16S rRNA genes were 

polymerase chain reaction (PCR)-amplified with dual-barcoded primers targeting the V4 region, 

according to the protocol of Kozich et al., (2013). Amplicons were sequenced with an Illumina 

MiSeq using the 300-bp paired-end kit (v.3). Sequences were denoised, taxonomically classified 

using Greengenes (v. 13_8) as the reference database, and clustered into 97% similarity operational 

taxonomic units (OTUs) with the mothur software package (v. 1.39.5), following the procedure 

recommended by Schloss et al., (2009). 

 Quality control and quality assurance 

Throughout the sample processing and storage, polypropylene and HDPE were preferred over 

polytetrafluoroethylene (PTFE) containing materials to eliminate contamination by background 

fluorotelomer compounds. Duplicate microcosms were used for all analyses including TOC, 

ammonia, nitrate, nitrite and PFAS. Method blanks were extracted, cleaned up using SPE and 

analyzed, following the same procedure as the samples to account for any PFAS contamination 

during sample processing. HPLC-MS/MS runs included quality control (QC) intermediate level 

calibration standards, solvent blanks injected every 10 – 15 samples to monitor absolute analyte 
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areas, chromatographic retention times and background contamination from the instrument. 

Duplicate microcosm samples were analyzed at days 0 and 14 for microbial community analysis. 

The analytes of interest were below detection limits in all procedural and solvent blanks. The 

accuracy of the QC standards varied in the range of 90 – 110%. The recovery ranges of the labelled 

surrogates, MPFHxA and M2_6:2 FTS, were 70 – 130% and 85 – 130%, respectively. C4 – C8 

PFCAs were quantified in the all live-control microcosms (without 6:2 FTS spike).  

4.3 Results and discussion 

 Microcosm monitoring  

The parameters of microcosms monitoring (i.e., headspace oxygen content, pH, TOC, nitrogenous 

compounds) of 6:2 FTS live-spiked and control microcosms are shown in Figures 4.1 and 4.2. The 

physical and chemical parameters of each live-spiked microcosm (Figure 4.1) matched well with 

its corresponding live-control without 6:2 FTS spike (Figure 4.2) and did not show statistically 

significant differences (α = 0.05). On the other hand, all the monitoring parameters among the 

three live-spiked conditions showed a statistically significant difference, suggesting that the 

addition of DI water, diluted leachate and landfill leachate resulted in microcosms with distinct 

characteristics.  

The headspace oxygen depleted in all live microcosms, with the fastest rate being observed in 

microcosms with landfill leachate (Figure 4.1a), suggesting overall higher microbial activity. In 

order to ensure aerobic conditions throughout the experimental period, reaeration was provided 

after 30 d to remaining live microcosms. The initial pH drops of the live microcosms around 7 d 

coincided with the initial depletion of the TOC (Figure 4.1c) and ammonia (Figure 4.1d). The CO2 

produced by aerobic microbial respiration reacts with water to form carbonic acid, which can cause 

a decrease in pH. Furthermore, neutralization of the hydrogen ions released during ammonia 

oxidation to nitrate can also reduce the pH.  

The initial TOC of the live microcosms varied between 350 to 100 mg/L (Figures 4.1c and 

4.2c). The removal of TOC ranged between 50 and 65 % in the DI water and leachate microcosms 

and 70 – 75% for the diluted leachate microcosms. The depletion of initial ammonia (30 to 110 
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mg/L) (Figures 4.1d) and nitrite contents (Figures 4.1e) were accompanied by an accumulation of 

nitrate (Figure 4.1f) in live microcosms, suggesting growth of nitrifiers. By 30 d, nearly complete 

removal of ammonia was observed in live-spiked microcosms (Figure 4.1d). Comparison of the 

TOC (∽200 mg/L) and ammonia (∽60 mg/L) concentrations revealed that the diluted leachate 

microcosms had similar substrate concentrations of that in the live microcosms used for 90 d 

biotransformation study (Figure 3.1) described in Chapter 3. 

 

Figure 4.1 Time variation of a) headspace oxygen content (%), b) pH, c) total organic carbon 

(TOC; mg/L), d) ammonia (mg N/L), e) nitrite (mg N/L) and f) nitrate (mg N/L) in the dissolved 

phase of microcosms added with deionized (DI) water, diluted leachate (50:50; leachate: DI 

water) and leachate. All microcosms were spiked with 6:2 FTS. The absolute differences of 

duplicate measurements are represented by error bars.  
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Figure 4.2 Time variation of a) headspace oxygen content (%), b) pH, c) total organic carbon 

(TOC; mg/L), d) ammonia (mg N/L), e) nitrite (mg N/L) and f) nitrate (mg N/L) in the dissolved 

phase of live-control and sterile microcosms. The live-controls were added with deionized (DI) 

water, diluted leachate (50:50; leachate: DI water) and leachate, without any 6:2 FTS spike. The 

sterile microcosms were spiked with 6:2 FTS. The absolute difference of duplicate 

measurements is represented by the error bars.  
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 Microbial community analysis 

4.3.2.1 Initial microbial community composition of landfill leachate-sediment at 

Phylum level 

The final dataset had quality-filtered reads ranging between of 6×103 and 3.5×104 for various 

samples. Exhaustive data on the bacterial community were obtained for each sample, as indicated 

by the sequencing coverage rate that exceeded 99%. The relative abundance of the microbial 

community at day 0 in live-spiked microcosms at the phylum level is shown in Figures 4.3 (Figure 

C.1 for live-controls). Proteobacteria (>70%), Bacteroidetes (>10%), Chloroflexi (>1.5%) and 

Firmicutes (>2%) accounted for >83.5% of the observed phyla at day 0 in all live-spiked 

microcosms. There was no significant difference (p > 0.05) in the composition of bacterial phyla 

in the DI water, diluted leachate and leachate microcosms at day 0. The dominance of 

Proteobacteria, Bacteroidetes and Firmicutes in landfill leachate (Yang and Song, 2019; Stamps 

et al., 2016; Song et al., 2015; Köchling et al., 2015), landfilled waste (Xu et al., 2017; Wang et 

al., 2017) and cover soil (Wong et al., 2019; Wang et al., 2017; Mwaikono et al., 2016) have been 

shown previously. Proteobacteria is the largest and most diverse bacterial phylum that plays a 

crucial role in nutrient cycling (Newton et al., 2011). All five classes (i.e., Alpha-, Beta-, Gamma-

, Delta, Epsilonproteobacteria) (Gupta, 2000) of Proteobacteria were detected, with Beta-, and 

Epsilonproteobacteria alone constituting 50 – 80% of the relative abundance in day 0 samples. 

Many genera of Alpha-, Beta- and Gammaproteobacteria are known degraders of aliphatic and 

aromatic hydrocarbon (Kuppusamy et al., 2016; Sutton et al., 2013; Juhasz and Naidu, 2000; 

Parales, 2010). Pseudomonas spp., known to biotransform fluorotelomer compound 

cometabolically, belongs to Gammaproteobacteria (Lewis et al., 2016; Kim et al., 2014; Kim et 

al., 2012). In addition, known methane-oxidizer from family Methylococcaceae, belonging to 

Gammaproteobacteria were also present in all microcosms at day 0. The key enzyme used by 

methane-oxidizers, methane monooxygenase, is capable of oxidizing diverse recalcitrant 

compounds (e.g., chlorinated solvents) (Knief 2015; Jiang et al., 2010). Firmicutes plays an 

important role in cellulose degradation to form sugars, whereas, Bacteroidetes metabolize sugars 

to carboxylic acids, alcohols and carbon dioxide (Yang and Song, 2019; Semaru, 2011). 
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Figure 4.3 Relative abundance of microbial community structures at the phylum level in 6:2 FTS 

spiked microcosms at day 0. Lower abundance (<1%) taxa are summed and represented as 

“Others”. Duplicates were analyzed for 0 and 14 d samples. The absolute difference of relative 

abundances of duplicates samples ranged between 0.02 to 0.1%. 

4.3.2.2 Change of microbial community over 60 days 

While the phylum level composition of the live spiked microcosms changed over time under the 

three experimental conditions, Proteobacteria dominated the microbial composition and 

accounted for >63% at 60 d (Figure C.1). Acidobacteria and Actinobacteria increased throughout 

the experiment, showing 20- and 3-times increase of relative abundance after 60 d (Figure 4.4) 

compared to day 0, respectively. Acidobacteria is one of the most widespread and abundant soil 

bacteria phyla (Naether et al., 2012). However, very little is known about their functional role in 

terrestrial ecosystems due to difficulties associated with the cultivation of Acidobacteria (Kielak 

et al., 2016). Generally, Acidobacteria is known to thrive under low nutrient conditions, which 

might explain their higher abundance towards the end of the experimental period. While studies 

have reported tolerance of Acidobacteria towards several pollutants, for example, petroleum 

compounds (Abed et al., 2002), p-nitrophenol (Paul et al., 2006), linear alkylbenzene sulfonate 

(Sanchez-Peinado et al., 2010) and heavy metals (Barns et al., 2007; Ellis et al., 2003), no study 

has reported pollutant degradation by Acidobacteria (Kielak et al., 2016). Actinobacteria plays an 

important role in the global carbon cycle by decomposing plant biomass (Lewin et al., 2016). 
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Actinobacteria can synthesize a wide array of enzymes including dehydrogenases, peroxidases, 

monooxygenases and dioxygenases (Donova, 2007), and they have been shown to perform 

microbial desulfurization (Schmalenberger et al., 2008; Vermeij et. al., 1999). Many genera of 

Actinobacteria have received special attention as bioremediation candidates due to their 

biotransformation ability of organic (e.g., alkanes, polycyclic aromatic hydrocarbons (PAHs), 

phenols, polychlorinated biphenyls (PCBs), halogenated hydrocarbons) (Krivoruchko et al., 2019; 

Alvarez et al., 2017; Donova, 2007; Schrijver and Mot, 1999). These suggest that Actinobacteria 

can contribute towards the observed 6:2 FTS biotransformation and PFCA formation in live 

microcosms. 

 

Figure 4.4 Relative abundance of phylum Actinobacteria and Acidobacteria in a) live-spiked and 

b) live-control microcosms. Lower abundance (<1%) taxa are summed and represented as 

“Others”. Duplicates were analyzed for 0 and 14 d samples. The absolute difference of relative 

abundances of duplicates samples on 0 and 14 ranged between 0 and 0.2%. 
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Ammonia-oxidizer from family Nitrosomonadaceae (genera Nitrosomonas and 

Nitrosovibrio) and nitrite-oxidizer genera Nitrospira, (family  Nitrospiraceae) were detected in 

the live microcosms throughout the 60 d. Summation of the known nitrifying bacteria accounted 

for ~0.4% of relative abundance at day 0, which increased to ~2% around 30 d, followed by a 

slight decrease to ~1.5% at 60 d in the live-spiked microcosms (Figure 4.5). The increase and 

subsequent decrease of nitrifying bacteria were primarily due to the growth of ammonia-oxidizers 

(from family Nitrosomonadaceae) during 30 d and their subsequent reduction due to complete 

removal of ammonia between 30 and 60 d (Figure 4.1d).  

 

Figure 4.5 Relative abundance of known nitrifying genera in a) live-spiked microcosms and, b) 

live-control microcosms (without 6:2 FTS spike). 

https://en.wikipedia.org/wiki/Nitrospiraceae
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4.3.2.3 Alpha diversity of the microbial community 

The Shannon index increased throughout the experimental period under all live experimental 

conditions, as shown in Figure 4.6. At 60 d, increases ranging between 30 and 40% were observed 

for all treatment conditions, compared with day 0. The increase in the Shannon index indicates an 

increase in richness (i.e., count of species) for a given pattern of evenness (i.e., the closeness of 

numbers of each species), and/or an increase in evenness for a given richness (Colwell, 2009). 

Two-way ANOVA (p = 0.05) indicated that sampling time, rather than the treatment conditions, 

acted as a significant factor in the diversity index change for the live-spiked and live-control 

microcosms (C.5 and C.6 of Appendix C).  

 

Figure 4.6 Microbial diversity using Shannon index in a) live-spiked microcosms and, b) live-

control microcosms (without 6:2 FTS spike). The absolute differences of Shannon index values 

of duplicates samples at days 0 and 14 ranged between 0.04 to 11%. 
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 Biotransformation of 6:2 FTS and PFCA formation 

4.3.3.1 Biotransformation of 6:2 FTS in live-spiked microcosms 

Spiked 6:2 FTS showed a decreasing trend for all three live microcosms (Figure 4.7). The sterile-

control microcosms (Figure 4.7) showed no consistent decrease over the experimental period, 

suggesting that 6:2 FTS was biotransformed in the live-spikes microcosms.  After 60 d, the 

removal of 6:2 FTS were ~14, 21 and 21% in DI, diluted leachate and leachate microcosm, 

respectively. The difference in the amount of 6:2 FTS biotransformed under various experimental 

conditions after 60 d were not statistically significant. As shown in Figure 4.7, little to no change 

of the spiked 6:2 FTS was observed until 7 d in the live microcosms. The observed delay likely 

reflected the time required for the relevant microbial communities to grow until the population 

was large enough to make an observable change in the 6:2 FTS concentration (Knapp and 

Bromley-Challoner, 2003). For the DI water microcosm, the observable transformation of 6:2 FTS 

occurred between 7 and 14 d only, and the concentration did not decrease thereafter. However, 

diluted leachate and leachate microcosms showed an overall decreasing trend of 6:2 FTS until 60 

d, suggesting that substrate availability played an important role in 6:2 FTS biotransformation. 

Microcosms added with leachate contained more ammonia (>60 mg/L; Figure 4.1d), which could 

have contributed to the observed higher 6:2 FTS biotransformation in the diluted leachate and 

leachate microcosms (Figure 4.7). The half-lives based on pseudo-first-order kinetics and 7 data 

points were ~108 d (R2 = 0.53), 90 d (R2 = 0.80) and 92 d (R2 = 0.81), in the DI, diluted leachate 

and leachate microcosm, respectively.  The half-life of the spiked 6:2 FTS under diluted leachate 

condition matched closely with that of observed during 90 d biotransformation study (half-life: 

∽86 d shown in Table 3.4) described in Chapter 3, likely due to similar substrate concentrations 

in these microcosms as discussed in section 4.3.1. 
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Figure 4.7 Concentrations of 6:2 FTS in live and sterile microcosms at various sampling days, 

normalized to initial spiking concentration on day 0. The initial spiking concentration varied 

between 635 – 670 µg/L (1490 – 1570 nmol/L). The live-spiked microcosms were added with an 

equal volume of deionized (DI) water, diluted leachate (50:50; leachate: DI water) and landfill 

leachate. The absolute difference of duplicate measurements is represented with the error bars.  

4.3.3.2 Formation of PFCAs in live-spiked and live-control microcosms 

The concentrations of C4 to C8 PFCAs increased in the live-spiked and live-control (without 6:2 

FTS spike) microcosms throughout 60 d and are presented in Figures 4.8 and 4.9, respectively. To 

make the levels of PFCAs comparable under various treatment conditions, the concentrations of 

PFCAs were normalized to the mol % of 6:2 FTS, initially spiked in the live-spiked microcosms 

at day 0. 

Formation of C4 – C6 PFCAs resulting from 6:2 FTS biotransformation is shown in Figure 

4.8a. Similar to the trend observed for 6:2 FTS biotransformation, little to no increase of ∑C4 – 

C6 PFCAs was observed between days 0 and 7. After 30 d, the ∑C4 – C6 PFCAs increased to ~7, 

3.5 and 2 times the initial ∑ C4 – C6 PFCAs for the DI water, diluted leachate and leachate 

microcosms, respectively (Figure 4.8a). Between 30 and 60 d, the ∑C4 – C6 PFCAs increased by 
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a further 4, 5.5, 6 times the initial concentrations for the DI water, diluted leachate and leachate 

microcosms, respectively, showing an overall higher formation of PFCAs in the leachate-added 

microcosms compared to DI water. It’s likely that the higher growth substrates of leachate-added 

microcosms (Figures 4.1c to e) supported biomass growth, therefore, having higher relevant 

degradative enzymes (Tran et al., 2013). The differences among the ∑C4 – C6 PFCAs formed 

during the three experimental conditions were not statistically significant at 60 d. The PFBA, 

PFPeA and PFHxA accounted for 11 – 13%, 43 – 50% and 39 – 44% of the final ∑C4 – C6 PFCA 

content under the three experimental conditions, suggesting that biotransformation of 6:2 FTS acts 

as a source of short-chain PFCAs in the environment. The spiked microcosms with DI water had 

the highest ∑C4 – C6 PFCAs followed closely by diluted leachate and leachate by the end of 60 

d. A similar trend with higher ∑C4 – C6 PFCAs in DI water microcosm was observed in the live-

control microcosms without 6:2 FTS spike as well (Figure 4.9a). Background biotransformation 

of precursors that were present in the landfill leachate and sediment (section 3.3.3 in Chapter 3) 

are likely responsible for the observed short-chain PFCA increase. Considering the background 

concentrations of the short-chain PFCAs in DI water live-control (Figure 4.9a) at 60 d, ~10 mol% 

of the initially spiked 6:2 FTS, which accounted for ~74% of the biotransformed 6:2 FTS, was 

converted to C4 – C6 PFCAs in the DI water microcosm. On the other hand, ~51 and 43% of the 

biotransformed 6:2 FTS were converted to C4 – C6 PFCAs diluted leachate and leachate 

microcosms at 60 d (Figure 4.9a). Since spiked DI water microcosm showed the lowest 6:2 FTS 

biotransformation after 60 d, as discussed in section 4.3.3.1, relatively complete biotransformation 

of 6:2 FTS to PFCAs resulted in this case. In addition, the leachate-added microcosms likely 

contained other micropollutants commonly found in landfill leachate (e.g., chlorinated aliphatics, 

higher alkanes, pesticides, phenolic compounds, PCBs, phthalates (Clarke et al., 2015; Oturan et 

al., 2015; Kjeldsen et al., 2002). Competition of the 6:2 FTS biotransformation intermediates and 

other micropollutants from leachate for the same active center of an enzyme can cause competitive 

enzyme inhibition, resulting in reduced biotransformation (Fischer and Majewsky, 2014). This 

would also explain relatively higher PFCAs formation in spiked diluted leachate microcosm 

compared to leachate microcosm (Figure 4.8a), despite showing similar 6:2 FTS biotransformation 

at 60 d (Figure 4.7). These observations suggest that based on the remediation/treatment goal, it 

might be desirable to maintain low substrate concentrations during biotransformation to facilitate 
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more complete biotransformation of PFCA precursors in landfill leachate. Also, dilution of landfill 

leachate during the wet season would likely result in a higher formation of PFCAs from 

fluorotelomer precursors in landfill leachate. 

 

Figure 4.8 Formation of a) C4 – C6 perfluorocarboxylic acids (PFCAs) resulting from 

biotransformation of 6:2 FTS in microcosms, and b) C7 and C8 PFCAs in live-spiked 

microcosms added with equal volume of deionized (DI) water, diluted leachate (50:50; leachate: 

DI water) and landfill leachate; The initial spiking concentration of 6:2 FTS varied between 635 

– 670 µg/L (1490 – 1570 nmol/L). The absolute difference of duplicate measurements is 

represented with the error bars.  

Concentrations of C7 and C8 PFCAs (i.e., PFHpA and PFOA) in live-spiked and live-control 

microcosms are plotted in Figures 4.9a and b, respectively. The observed increases in PFHpA and 

PFOA likely resulted from biotransformation of precursor compounds (e.g., 8:2 FTOH) already 
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present in the leachate and/or sediment (Benskin et al., 2012). The initial sum of PFHpA and PFOA 

(ranging between 0.1 to 0.25 mol%) increased to 1.4 to 1.8 mol% (23 to 29 nmol/L) in the live-

spiked microcosms at 60 d and were statistically significantly different (95% confidence level) 

among the treatments. Since landfill leachate already contains PFCAs such as PFHpA and PFOA, 

microcosms with leachate added showed a higher concentration of PFHpA and PFOA at day 0. By 

7 d the microcosm with DI water showed the highest PFHpA and PFOA formation and the trend 

continued until the end of the experimental period. Similar to the observation for C4 – C6 PFCAs 

(Figures 4.8a and 4.9a), a higher overall increase of PFHpA and PFOA occurred in DI water 

microcosm (Figures 4.8b and 4.9b). Therefore, the DI water microcosm provided the most suitable 

condition for PFCA formation among the three experimental conditions tested within 60 d. The 

formation of PFOA in leachate-sediment microcosms, from unidentified precursors, suggests that 

landfills likely act as secondary sources of legacy PFASs in the environment.  

 



 

Figure 4.9 Formation of a) C4 – C6 PFCAs, and b) C7 and C8 PFCAs in live-control (no 6:2 

FTS spike) microcosms added with deionized (DI) water, diluted leachate (50:50; leachate: DI 

water) and leachate. The absolute differences of duplicate measurements are represented with 

error bars.  

4.4 Conclusions  

The effect of substrate (i.e., TOC and ammonia) concentrations on 6:2 FTS biotransformation was 

studied using aerobic sediment microcosms, added with deionized (DI) water, diluted leachate or 

landfill leachate. The microbial community analysis using 16S rRNA analysis indicated that 

phylum Proteobacteria dominated the bacterial composition, while Acidobacteria and 

Actinobacteria increased in landfill leachate-sediment microcosms throughout 60 d. Many genera 

from Proteobacteria and Actinobacteria are capable of synthesizing wide ranges of enzymes and 

likely play an important role in 6:2 FTS biotransformation. Overall, higher biotransformation of 

6:2 FTS was observed in microcosms with added leachate, compared to DI water microcosms, 

likely reflecting the substrate dependency of 6:2 FTS biotransformation. However, substrate 
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limiting conditions in DI water microcosm resulted in greater formation of short-chain (C4 – C6) 

PFCAs from 6:2 FTS and C7 – C8 PFCAs from unidentified precursors, compared with leachate-

added microcosms. This suggests that dilution of landfill leachate, for example through 

precipitation, likely results in reduced 6:2 FTS biotransformation and increased PFCAs formation, 

compared to dry seasons. 

The landfill leachate used in this study can be considered diluted (TOC <1000 mg/L) 

compared with the leachate from landfill located in the arid climate. Therefore, further 

investigation into the effect of highly concentrated leachate on 6:2 FTS biotransformation is 

recommended. The key enzyme (i.e., ammonium monooxygenase) should be measured to confirm 

the positive effect of ammonia-oxidizers on 6:2 FTS biotransformation. Future studies are needed 

to elucidate the relationship between heterotrophic and autotrophic biomass growth and 6:2 FTS 

biotransformation, to develop a cometabolic model that can predict the removal of parent 

compounds and PFCAs generation in leachate biological treatment systems.  
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Chapter 5: Role of Microbial Communities in the Formation of 

Perfluorocarboxylic Acids from 6:2 Fluorotelomer Sulfonate in Leachate 

5.1 Introduction 

Fluorotelomer sulfonates (FTSs) belong to a class of polyfluorinated compounds, widely used in 

consumer products as surface treatment agents (DuPont, 2012). FTSs are manufactured by 

telomerization of perfluoroalkyl iodides (Field and Seow, 2017; Krafft and Riess, 2015; Buck et 

al., 2011). The fluorotelomer chain consists of an even-numbered fluorinated (n) and two non-

fluorinated carbons, designated as n:2. One of the most common FTS compounds is the 6:2 

compound (n-C6F13CH2CH2SO3
-), marketed under the name Capstone™ FS-17 (Yang et al., 2014). 

Capstone™ is used as a repellent and surfactant in paints, coatings, adhesives, waxes and polishes, 

applied to various substrates, including paper, wood, metal, textiles and leather (DuPont, 2012). 

Historically, Zonyl FS-62 and Zonyl TBS polymer coating also contained 6:2 FTS (Field and 

Seow, 2017; Yang et al., 2014) used in inkjet printing, but they were discontinued in 2014. In 

recent years, the use of 6:2 FTS as a short-chain alternative to long-chain (>C7) fluorinated 

compounds (e.g., perfluorooctane sulfonate (PFOS)) is increasing. For example, mist suppressant 

products used in chrome plating, such as Fumetrol 21, contain 6:2 FTS as a PFOS replacement 

(Yang et al., 2014; Poulsen et al., 2011).  

Many 6:2 FTS-containing consumer products end up at landfills following their use. Recent 

studies (Lang et al., 2017; Allred et al., 2014; Huset et al., 2011) have shown that leachate 

(percolating rainwater through waste) from municipal landfills contains many poly- and 

perfluoroalkyl substances (PFASs), including 6:2 FTS (20 to 500 ng/L). Biotransformation of 6:2 

FTS can lead to formation of short-chain (C4 – C6) perfluorocarboxylic acids (PFCAs) under 

aerobic condition (Field and Seow, 2017), which are subsequently released to the environment 

(Pan et al., 2016; Arvaniti et al., 2015) due to the lack of an effective removal technique. 6:2 FTS 

and short-chain PFCAs are frequently detected in drinking water, influent and effluent of 

municipal wastewater treatment plants (WWTP), freshwater, marine and surface waters, and urban 

runoff at concentrations below the limit of quantification to several thousand ng/L (Ateia et al., 

2019; Field and Seow, 2017). In addition, subsurface migration of leachate from unlined landfills 
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could release PFCAs to the groundwater (Hepburn et al., 2019). Short-chain PFCAs are extremely 

persistent (Cousins et al., 2016; Liu and Avendaño, 2013) and highly mobile (predicted log Kow of 

the neutral form: 2.82–4.6, water solubility > 20 g/L, log Koc: 2.7–3.6) (Ateia et al., 2019; Brendel 

et al., 2018; Vierke et al., 2014; Wang et al., 2011), making their removal during drinking water 

treatment challenging (Li et al., 2019; Rahman et al., 2014). In addition, their long-term exposure 

effects to human, wildlife and biota are unknown (Brendel et al., 2018).  

Biotransformation of 6:2 FTS has been studied in various mixed microbial cultures (e.g., river 

sediment, activated sludge) (Ochoa-Herrera, 2016; Zhang et al., 2016; Wang et al., 2011) and pure 

microbial cultures (Shaw et al., 2019; Van Hamme et al., 2013; Key et al., 1998). The 

biotransformation starts with desulfonation of 6:2 FTS to form 6:2 fluorotelomer aldehyde (6:2 

FTAL). 6:2 FTAL is further oxidized to 6:2 fluorotelomer carboxylic acid (6:2 FTCA), which is 

converted to 6:2 unsaturated fluorotelomer carboxylic acid (6:2 FTUCA) through a common 

pathway (Figure 3.5 in Chapter 3). Depending on the microbial strain, the presence of reducing 

energy and substrates (Lewis et al., 2016; Kim et al., 2014; Kim et al., 2012), 6:2 FTUCA can 

follow two major lower pathways leading to the formation of 5:3 FTCA and perfluorocarboxylic 

acids (PFCAs) (e.g., perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), 

perfluorohexanoic acid (PFHxA)) (Zhang et al., 2016; Shaw et al., 2019; Van Hamme et al., 2013; 

Wang et al., 2011). Wide variations in 6:2 FTS transformation rate (t1/2: <7 days to more than 

years) and the amount of PFCA formed have been reported under aerobic conditions in different 

environmental media (Zhang et al., 2016; Wang et al., 2011). This suggests that the extent of 6:2 

FTS biotransformation and PFCA production are largely determined by the various microbial 

communities present in the engineered (e.g., biological treatment processes) and natural systems.  

High ammonia (hundreds to several thousand mg/L), high alkalinity (hundreds to several 

thousand mg CaCO3/L) and organic carbon (tens to several thousand mg/L) of landfill leachate 

(Gao et al., 2015; Renou et al., 2008) promote oxidation of organic carbon and nitrification in 

landfill leachate under aerobic conditions. During nitrification ammonium is first oxidized to 

nitrite by ammonia-oxidizing bacteria (AOB); nitrite is then oxidized to nitrate by nitrite-oxidizing 

bacteria (NOB) (Tran et al., 2013) (Figure 5.1). While both heterotrophic and autotrophic (i.e., 

AOB and NOB) can express non-specific enzymes that can break down micropollutants (e.g., 
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pharmaceuticals and personal care products, pesticides, chlorinated solvents etc.) (Fischer and 

Majewsky, 2014; Tran et al., 2013; Khunjar et al., 2011), increased micropollutant 

biotransformation by AOB producing ammonia monooxygenases (AMO) have been reported 

(Fernandez-Fontaina et al., 2016; Helbling et al., 2012; Keener and Arp, 1993) (Figure 5.1). 

Monooxygenase enzymes incorporate one oxygen atom into the substrate. Due to their functional 

diversity, monooxygenases can catalyze desulfurization, dehalogenation, denitrification, 

ammonification and hydroxylation (Karigar and Rao, 2011). Higher AMO activity has also been 

linked to higher fluorotelomer alcohol (FTOH) degradation and PFCA production in activated 

sludge (Yu et al., 2018a; 2018b). However, very little is known regarding the role of microbial 

communities (e.g., heterotrophic, autotrophic) in 6:2 FTS biotransformation and PFCA production 

in landfill leachate. 

 

Figure 5.1 Conceptual model of nitrification, showing ammonia and nitrite oxidation  

One of the most common approaches for understanding the contributions of various microbial 

communities to pollutant degradation is through inhibition studies. Allylthiourea (ATU) depletes 

copper ions from the active center of AMO through chelation and acts as a specific inhibitor to 

AMO (Men et al., 2017). ATU has been widely used to investigate the role of nitrifying bacteria 

in biotransformation of micropollutants in complex microbial communities (e.g., activated sludge, 

soil) (Fernandez-Fontaina et al., 2016; Men et al., 2017; Sathyamoorthy et al., 2013; Khunjar et 

al., 2011; Roh et al., 2009; Tran et al., 2009).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/ion
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The overall goal of this study is to determine the role of heterotrophic (HET) and nitrifying 

bacteria (i.e., AOB, NOB) in 6:2 FTS biotransformation and PFCA formation in landfill leachate. 

To achieve this, 6:2 FTS biotransformation experiments were conducted with selected substrates 

(glucose, ammonia and nitrite) and ammonia-inhibitor (ATU) to stimulate the growth of 

heterotrophic and nitrifying organisms. 6:2 FTS, stable transformation products (i.e., PFCAs) and 

fluoride were quantified under each experimental condition to understand the biotransformation 

of the parent compound, production of PFCAs and defluorination under specific substrate 

conditions. Differences in microbial communities under different experimental conditions were 

investigated using 16S rRNA sequencing to better understand the effect of 6:2 FTS and PFCA on 

microbial population and vice versa. 

5.2 Materials and method 

 Sediment collection and inoculum preparation 

The sediment used for inoculum preparation was collected from a leachate collection ditch in a 

municipal landfill whose location is kept confidential as requested by the operator. The sediment 

and leachate were collected as specified in section 3.2.2 of Chapter 3. Sediment and leachate 

samples were transported to the lab within 1 hour of collection. Initial physical and chemical 

properties of the sediment and landfill leachate are provided in Table 4.1 in Chapter 4. Collected 

sediment was wet sieved via a 2 mm sieve opening (ASTM E11 No. 10 size) and aerated for 2 

days with ambient air in the laboratory to remove dissolved organic compounds. The sediment was 

then allowed to settle, and the supernatant was decanted. The settled sediment was washed twice 

using pH 7.2 phosphate buffer to remove dissolved organic and nitrogenous compounds (i.e., 

NH4
+, NO2

-, and NO3
-) (Yu et al., 2018). After washing, the sediment was collected by centrifuging 

at 1000 rpm for 5 min and the washed sediment was resuspended in mineral media (OECD 1992). 

The resuspended sediment was kept in aerated condition for a day using ambient air at room 

temperature (23±2°C) to allow for depletion of background TOC, NH4
+ and NO2

-. 

 Standards and reagents 

The monitored fluorinated compounds included PFBA, PFPeA, PFHxA, PFHpA, PFOA and 6:2 

FTS. Their acronyms, CAS number and suppliers are listed in section C.1 of Appendix C. HPLC 
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grade methanol, acetonitrile, ammonium acetate and acetic acid were purchased from Fisher 

Scientific, Canada. For all purposes, ultrapure deionized water (DI) from a Milipore® system was 

used. Oasis weak anion exchange (WAX) (6 cc/30 µm) cartridges were obtained from Waters 

(MA, USA). N-Allylthiourea (ATU) (98%) was purchased from Sigma-Aldrich (Ontario, Canada). 

Sodium bicarbonate (99%), sodium azide (99%), ammonium sulfate (99%), glucose and sodium 

nitrite (>95%) were purchased from Thermo Fisher Scientific (MA, USA). 

 Microcosm preparation 

The inocula used for all microcosm preparation contained TOC, NH4
+ and NO2

- at concentrations 

of ~60 mg/L, <1 mg/L and <1 mg/L, respectively. The inocula were then spiked with 6:2 FTS 

stock (5 mg/mL in DI) to achieve a concentration of 750 µg/L (~1756 nmol/L) and were allowed 

to mix using a magnetic stirrer. The spiked inocula were aliquoted into 300 mL Wheaton™ glass 

bottle with glass stopper to which was added an appropriate substrate, alkalinity, inhibitor and 

brought to 35 mL by adding DI as per experimental conditions (see Table 5.1). All sample bottles 

were continuously agitated at 150 rpm on a temperature-controlled orbital shaker at 20 (±1)°C in 

the dark (Innova 4200, New Brunswick Incubator Shaker). Total suspended solids and volatile 

suspended solids of the inocula were 1.5 ±0.1 g/L and 0.6 ±0.01 g/L, respectively. 

 

Four conditions with estimated microbial activities heterotrophic (HET), and heterotrophic 

and nitrifier (HET+AOB+NOB), nitrifier (AOB+NOB) and nitrite-oxidizing bacteria (NOB) were 

tested using ATU as AOB inhibitor and appropriate substrate (Table 5.1). Sodium bicarbonate was 

added as alkalinity (~800 mg CaCO3/L) and a source of inorganic carbon for nitrifiers in all 

microcosms. Ammonia (100 mg/L) was also added to all microcosms to check for the effectiveness 

of ATU as an AOB inhibitor. The substrate concentrations are based on TOC and NH4
+-N 

concentration of landfill leachate as described in Chapters 3. Sterile control microcosms were 

prepared by two cycles of autoclaving (at 121°C for 1 h) with intermittent incubation at 

temperature-controlled shaker (20°C for 24 h) between cycles. NaN3 (0.75 g/L) was added to each 

sterile bottle to prevent microbial growth. Live microcosms of identical HET, HET+AOB+NOB, 

AOB+NOB and NOB experimental runs were conducted without 6:2 FTS spike (live-controls) to 

monitor background PFAS concentration change. 
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 Sample collection, preparation and instrumental analysis 

On each sampling day (days 0, 1, 2, 4, 7 and 10), the pH and dissolved oxygen (DO) level were 

measured in two bottles for each treatment condition using a Hach HQ30D Portable DO meter. 

For microbial analysis, 5 mL samples were withdrawn from each microcosm and stored at -80°C. 

For PFAS analysis, a 10 mL sample was collected and stored at -17°C until further sample 

preparation. Another 10 mL sample was withdrawn, centrifuged (5000 rpm for 10 min) and filtered 

through a 0.45 µm cellulose membrane filter (Fisherbrand™). The collected filtrate was stored at 

-14°C and used for TOC, NH4
+, NOx and F- analyses within one week.  

Table 5.1 Conditions of the microcosms containing alkalinity (800 mg/L CaCO3), ammonia (100 

mg/L) 

Condition name Spike Inhibitor 
Glucose 

(mg C/L) 

NO2
- 

(mg N/L) 

HETa 6:2 FTS ATU 200 0 

HET+AOB+NOBa 6:2 FTS None 200 0 

AOB+NOB 6:2 FTS None 0 0 

NOB 6:2 FTS ATU 0 100 

Sterile control 6:2 FTS Sodium azide 
0 0 

HET live control None ATU 200 0 

HET+AOB+NOB live 

control 
None None 

200 0 

AOB+NOB live control None None 
0 0 

NOB live control None ATU 
0 100 

aHET: heterotrophic; AOB: ammonia-oxidizing bacteria; NOB: nitrite-oxidizing bacteria; ATU: allylthiourea  

 

5.2.4.1 PFAS analysis 

For PFCAs extraction, a 5 mL sample was added with MPFHxA as surrogate standard and solvent-

extracted with acetonitrile and methanol (50:50; (v/v)). The diluted extract was cleaned up by 

solid-phase extraction (SPE) using Oasis WAX® following a modified method (USEPA 2011). 

The cleaned-up extract was dried under a gentle nitrogen stream, reconstituted with injection 

solvent (95% aqueous methanol), spiked with internal standard (M3PFBA and M8PFOA) and 
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analyzed using LC-MS/MS. 6:2 FTS was extracted from 0.5 mL of sample added with M2_6:2FTS 

as surrogate standard, using two cycles of solvent extraction with methanol. Filtered liquid extracts 

were aliquoted in LC vials, added with internal standard (M8PFOA) and analyzed using LC-

MS/MS. The detailed extraction and clean-up methods for PFCAs and 6:2 FTS are provided in 

section C2 of Appendix C of SI.  

An Agilent 1200 series HPLC system (Agilent Technologies, CA, USA) separated the 6:2 FTS 

and PFCAs. 6 µL of sample was injected onto a Waters Xterra MS C18 column (100×2.1 mm, 3.5 

µm particle size; Waters Corporation, Milford, MA), preceded by an Xterra MS C18 guard column 

(30×2.1 mm, 3.5 µm particle size) from the same manufacturer. Both columns were maintained at 

50°C. The mobile phase consisted of (A) water with 5 mM ammonium acetate, and (B) 95% 

aqueous methanol with 5 mM ammonium acetate. Solvent gradient and detailed instrumental 

conditions are specified in section C.3 of Appendix C.  

5.2.4.2 Organic and inorganic content analyses 

Fluoride (F-) was analyzed using Dionex™ (ICS-900) ion chromatography (IC) (Dionex Inc., 

Sunnyvale, CA, USA) system equipped with an IonPac™ AS4A-SC (4 mm × 250 mm) analytical 

column and IonPac™ AG4A-SC (10-32) guard column. The mobile phase consisted of 3.5 mM 

sodium carbonate and 1.0 mM sodium bicarbonate at a flow rate of 1.2 mL/min. The instrumental 

detection limit of fluoride was 0.025 mg/L. Total organic carbon (TOC) was analyzed using a 

Phoenix® 8000 TOC analyzer (Teledyne Tekmar, OH, USA) using the UV-persulfate method. 

Ammonia, nitrate and nitrite (NOx) were analyzed using an automated ion analyzer (QuickChem® 

8000, Lachat Instruments, WI, USA). 

 Quality control and quality assurance 

To avoid background contamination from fluorotelomer compounds, the use of 

polytetrafluoroethylene (PTFE) containing material during any stage of sample preparation was 

eliminated. Instead, HDPE and polypropylene (PP) were used. During the HPLC-MS/MS analysis, 

quality control intermediate level calibration standards containing native and internal standards 

were injected every 10 – 15 samples to monitor the absolute analyte areas, the ratio of native 

analyte to the internal standard area, and chromatographic retention times. Solvent blanks were 
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injected every 10 – 15 samples to monitor any background contamination from the instrument. 

Procedural blanks were included to account for any contamination during sample preparation. The 

instrumental detection limit of the analytes varied between 0.5 and 1.0 ng/mL (C.4 of Appendix 

C). A coefficient of determination (R2) of >0.99 was deemed acceptable for the calibration of the 

PFASs. Accuracy of the quality control calibration standards varied between 90 and 110%. The 

recovery ranges of labelled surrogate M2_6:2 FTS and MPFHxA were 90 – 125% and 72 – 120%, 

respectively. All analytes of interest were below their detection limits in the solvent and procedural 

blanks. In addition, PFOA and PFHpA were quantified in the all live-control microcosms (without 

6:2 FTS spike) to account for background precursor biotransformation. 

 PCR amplification, sequencing and post-sequencing analysis 

High-fidelity Phusion® polymerase was used for the amplification of marker genes. To check for 

carry-over inhibition or a high concentration of DNA, 1:1 and 1:10 dilutions were tested, and the 

polymerase chain reaction (PCR) products were run on gels for verification. PCR was done with 

dual-barcoded primers (Kozich et al., 2014) targeting either 16S V4 regions for bacteria using the 

Illumina MiSeq platform. The barcoding strategy enabled multiplexing up to 384 samples per run. 

PCR products were verified visually by running a representative subset of samples on a gel. 

Samples with failed PCRs (or spurious bands) were re-amplified by optimizing PCR conditions. 

The PCR reactions were cleaned-up and normalized using the high-throughput SequalPrep 96-well 

Plate Kit. Samples were then pooled to make one library, quantified accurately with the KAPA 

qPCR Library Quant kit. Intermediate analysis files from MiSeq in FASTQ format were quality-

filtered and clustered into 97% similarity operational taxonomic units (OTUs) using the Mothur 

software package (Schloss et al., 2009). High-quality reads were classified using the Greengenes 

reference database. A consensus taxonomy for each OTU was obtained. OTU abundances were 

aggregated into taxonomies.  

 Data analysis 

The OTU table was imported into R for statistical analyses using Vegan package. Alpha diversity, 

the mean species diversity in a community (Whittaker, 1972), was calculated using the Shannon 

and Simpson index. These indices are a mathematical measure of species diversity accounting for 

both abundance and evenness of the species present. Species richness (number of different species 
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represented in a community) was estimated using richness indices (Abundance-Richness Coverage 

Estimator (ACE and Chao1). The Hutcheson t-test (Gardener, 2012) was used to compare Shannon 

diversity of two community samples. The microbial diversity and relative abundance datasets from 

the various samples were visualized by plotting via Microsoft Excel 2016. All statistical tests were 

conducted at a 95% confidence level (significance level = 0.05). Any OTU unit was considered 

putative contaminants and was removed if their mean abundance in controls reached or exceeded 

25 % of their mean abundance in samples. 

5.3 Results and discussion 

 Microcosm monitoring and defluorination  

The physical and chemical parameters (i.e., DO, pH, TOC, nitrogenous compounds) of live-spiked 

and control (live-control and sterile) microcosms are presented in Figures 5.1 to 5.5. Overall, the 

physical and chemical parameters of live-controls without the 6:2 FTS spike agreed well with the 

corresponding spiked conditions and did not show statistically significant differences. 

5.3.1.1 Dissolved oxygen (DO) 

The addition of glucose and nitrite, readily biodegradable substrates, resulted in immediate 

depletion of DO in live HET and NOB condition, as shown in Figures 5.2a to 5.2d, respectively. 

Subsequent to the decrease, the DO level in HET and NOB increased following the depletion of 

the substrate (Figures 5.2a and 5.2b), likely through the exchange from the headspace air. 

However, DO level in HET+AOB+NOB and AOB+NOB showed a decreasing trend throughout 

the experimental period likely due to the activity of nitrifiers (Figure 5.2a). About 3.3 mg of O2 

was consumed per mg of NH4
+ removed, which would explain the decreasing DO level in the 

presence of ammonia oxidation. The DO level in sterile controls did not show any noticeable trend 

throughout the experimental period (Figure 5.2c) suggesting the absence of microbial activities. 

DO concentration was >5 mg/L in all experimental conditions at all sampling points, indicating 

aerobic conditions in the microcosms. 
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Figure 5.2 Time variation of dissolved oxygen (DO; mg/L) in a) live-spiked microcosms with 

heterotrophic only (HET) and heterotrophic and autotrophic (HET+AOB+NOB); b) live-spiked 

microcosms with nitrite-oxidizing bacteria (NOB) only and ammonia- and nitrite-oxidizing 

(AOB+NOB); c) sterile and live-control (no 6:2 FTS spike) microcosms with HET and 

HET+AOB+NOB growth; d) live-control microcosms with NOB and AOB+NOB growth. The 

absolute difference of duplicate measurements is represented with the error bars.   

5.3.1.2 pH 

There was no noticeable change in pH between day 0 and day 10 for HET and NOB conditions as 

shown in Figures 5.3a to 5.3d. On the other hand, the initial pH of 8 dropped to ~7 after 10 d in 

the presence of ammonia oxidation in HET+AOB+NOB and AOB+NOB conditions (Figures 5.3a 

and 5.3b). About 6.708 mg HCO3
-/mg NH4

+ is consumed to neutralize the hydrogen ions released 

during ammonia oxidation (Grady et al., 2011), resulting in the observed pH drop.  
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Figure 5.3 Time variation of pH in a) live-spiked microcosms with heterotrophic only (HET) and 

heterotrophic and autotrophic (HET+AOB+NOB); b) live-spiked microcosms with nitrite-

oxidizing bacteria (NOB) only and ammonia- and nitrite-oxidizing (AOB+NOB); c) sterile and 

live-control (no 6:2 FTS spike) microcosms with HET and HET+AOB+NOB growth; d) live-

control microcosms with NOB and AOB+NOB growth. The absolute difference of duplicate 

measurements is represented with the error bars.   

5.3.1.3 Substrates  

The depletion of glucose added to HET and HET+AOB+NOB conditions (Figures 5.4a and 5.4c) 

suggests heterotrophic growth. The AOB+NOB and NOB microcosms also had ~70 mg/L of TOC 

at the beginning of the experiment from the background organic content of the inoculum (Figures 

5.4b and 5.4d). While the TOC did not show much variation in AOB+NOB microcosms 

throughout the experiment, NOB microcosms showed a slight decrease towards the end of 10 d 

(Figures 5.4b and 5.4d), indicating possible heterotrophic microbial growth. 
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Figure 5.4 Time variation of total organic carbon (TOC; mg/L) in the dissolved phase of a) live-

spiked microcosms with heterotrophic only (HET) and heterotrophic and autotrophic 

(HET+AOB+NOB); b) live-spiked microcosms with nitrite-oxidizing bacteria (NOB) only and 

ammonia- and nitrite-oxidizing (AOB+NOB); c) sterile and live-control (no 6:2 FTS spike) 

microcosms with HET and HET+AOB+NOB growth; d) live-control microcosms with NOB and 

AOB+NOB growth. The absolute difference of duplicate measurements is represented with the 

error bars.   

Added ammonia of HET+AOB+NOB and AOB+NOB was depleted (Figures 5.5a to 5.5d) 

with a concurrent increase of NO3
- (Figures 5.6a and 5.6b) suggesting the growth of AOB and 

NOB under these conditions. In contrast, ammonia concentration did not decrease in HET and 

NOB microcosms (Figures 5.5a and 5.5b), where ATU was added, indicating the effectiveness of 

ATU as an AOB inhibitor. The ammonia content of sterile controls microcosms (Figure 5.5c) did 

not decrease throughout the experimental period, indicating a lack of microbial growth. As 

opposed to TOC (i.e., glucose), whose depletion was noticeable from day 1 (Figure 5.4a), ammonia 

depletion became apparent after 2 days (Figure 5.5a). This is due to a relatively lower yield of 

autotrophs (~ 0.166 mg VSS/ mg of NH4
+ removed) compared to heterotrophs (~ 0.5 mg VSS/mg 

of glucose removed) (Grady et al., 2011).  
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Figure 5.5 Time variation of ammonia (NH4
+; mg N/L) in the dissolved phase of a) live-spiked 

microcosms with heterotrophic only (HET) and heterotrophic and autotrophic 

(HET+AOB+NOB); b) live-spiked microcosms with nitrite-oxidizing bacteria (NOB) only and 

ammonia- and nitrite-oxidizing (AOB+NOB); c) sterile and live-control (no 6:2 FTS spike) 

microcosms with HET and HET+AOB+NOB growth; d) live-control microcosms with NOB and 

AOB+NOB growth. The absolute difference of duplicate measurements is represented with the 

error bars.   
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Figure 5.6 Time variation of nitrite and nitrate (mg N/L) in the dissolved phase of a) live-spiked 

microcosms with heterotrophic only (HET) and heterotrophic and autotrophic 

(HET+AOB+NOB); b) live-spiked microcosms with nitrite-oxidizing bacteria (NOB) only and 

ammonia- and nitrite-oxidizing (AOB+NOB); c) sterile and live-control (no 6:2 FTS spike) 

microcosms with HET and HET+AOB+NOB growth; d) live-control microcosms with NOB and 

AOB+NOB growth. The absolute difference of duplicate measurements is represented with the 

error bars.   

5.3.1.4 Fluoride concentration 

The fluoride concentrations of all microcosms after 10 days were below the instrumental detection 

limit (0.025 mg/L). Considering the initial concentration of 6:2 FTS to be ~750 µg/L, it can be 

concluded that little or no defluorination (<5% of the total fluoride content) occurred under any 

experimental condition, indicating persistence of the end biotransformation products (i.e., PFCAs). 
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 Microbial Community Analysis 

5.3.2.1 Initial microbial community composition  

The sequencing coverage rate exceeded 99% (microbial population) for each sample, indicating 

that exhaustive data on the microbial community were obtained by MiSeq. The sample at day 0 

yielded 156 classified phyla in the domain Bacteria. Figure 5.7 shows that Proteobacteria (>59%) 

and Bacteroidetes (>28%) were the dominant phyla on day 0. Chlorobi, Chloroflexi and 

Firmicutes constituted altogether ~7% of the observed phyla. These phyla have been observed in 

landfill soil (Wang et al., 2017), landfill refuse (Xu et al., 2017) leachate and sludge (Song et al., 

2015). Proteobacteria and Bacteroidetes are also frequently found to be the dominant bacterial 

phyla in marine ecosystems (Steven et al., 2005) and are thought to play important roles in organic 

matter degradation and the carbon cycle (Newton et al., 2011). Among the five classes of 

Proteobacteria (Gupta, 2000), three (i.e., Alpha-, Beta- and Gammaproteobacteria) were observed 

in this study. Previous studies (Sutton et al., 2013; Greer et al., 2010; Parales, 2010; Van Beilen 

and Funhoff, 2007) have shown that many genera of Alpha-, Beta- and Gammaproteobacteria can 

utilize various aliphatic and aromatic compounds. Strains of Pseudomonas spp., which belongs to 

Gammaproteobacteria, were able to degrade fluorotelomer compounds metabolically in the 

presence of substrates (Lewis et al., 2016; Kim et al., 2014; Kim et al., 2012). Pseudomonas spp. 

was also present in this study at day 0, suggesting that it might play a role in the biotransformation 

of 6:2 FTS. Bacteroidetes and Firmicutes specialize in the hydrolysis of polymeric organic matter 

(e.g., cellulose, starch, protein) (Fernández-Gomez et al., 2013; Cottrell and Kirchman, 2000; Li 

et al., 2009), the first step in anaerobic degradation in landfills (Semrau, 2011).  
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Figure 5.7 Relative abundance of microbial community structures at the phylum level in the live-

spiked and live-control microcosms. Lower abundance (<0.5%) taxa are summed and 

represented as “Others”. (HET: heterotrophic, AOB: ammonia-oxidizing bacteria, NOB: nitrite-

oxidizing bacteria) 

 

5.3.2.2 Microbial community composition at day 7 

Proteobacteria and Bacteroidetes dominated the microbial composition for various experimental 

runs, even at 7 d (Figure 5.7). Pseudomonas from Proteobacteria was present in all samples at day 

7 at a relative abundance <0.03%. Slightly higher abundance of Pseudomonas was present in 

HET+AOB+NOB microcosms, (~0.1%). Actinobacteria dominated the HET+AOB+NOB 

condition at 7 d (10 – 18 %), as opposed to <1% relative abundance under the rest of the 

experimental conditions (data shown in section D1 of Appendix D). More than 10 known genera 

of Actinobacteria were found in HET+AOB+NOB condition, the most abundant being 

Arthrobacter (>17%) (Figure 5.8). Other genera from Actinobacteria phylum included 

Acidimicrobiales, Leucobacter, Pimelobacter and Mycobacterium, altogether representing <1% 
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of relative abundance. Among these, Mycobacterium (<0.01%) is a known 6:2 FTOH degrader 

(Kim et al., 2014). A vermicompost bacterial isolate of genus Gordonia (Shaw et al., 2019; Van 

Hamme et al., 2013) known to metabolize 6:2 FTS as a sole sulfur source in sulfur-limiting 

condition, was not detected in any of the samples. Considering the leachate sulfate concentration 

of ~40 mg/L (Table 4.1 in Chapter 4), it is unlikely that 6:2 FTS would be metabolized as sulfur 

source in the landfill environment. Ecological factors, such as nutrients, pH, dissolved oxygen and 

organic matter content can greatly influence the abundance and genera of Actinobacteria (Jiang et 

al., 2016); this could explain the observed higher abundance of Actinobacteria during the 

HET+AOB+NOB experimental run. Actinobacteria can synthesize a wide range of enzymes 

including dehydrogenases, peroxidases, monooxygenases and dioxygenases (Donova, 2007). 

Consequently, degradation of synthetic compounds such as organochlorine pesticides, linear and 

branched alkanes C2 – C30, polycyclic aromatic hydrocarbons (PAHs), phenols, polychlorinated 

biphenyls (PCBs), aromatic acids, halogenated hydrocarbons (Krivoruchko et al., 2019; Donova, 

2007; Schrijver and Mot, 1999) by many genera from Actinobacteria are well documented. 

 

Figure 5.8 Relative abundance of phylum Actinobacteria at the genus level in live-spiked and 

live-control microcosms. Phylum level relative abundance of Actinobacteria varied between 0.3 

to 0.8% for all samples, except HET+AOB+NOB, which showed 10 – 18% Actinobacteria at 

day 7. (HET: heterotrophic, AOB: ammonia-oxidizing bacteria, NOB: nitrite-oxidizing bacteria).  
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5.3.2.3 Nitrifying bacteria 

Known nitrifying genera Nitrosomonas, Nitrosovibrio belonging to Phylum Proteobacteria were 

identified in the day 0 sample (Figure 5.9). Among the known NOBs in the environment, only 

Nitrospira, from phylum Nitrospirae, was detected at the beginning of the experiment. The 

taxonomic classification of the known nitrifying genera in all samples are provided in section D2 

of Appendix D. The summation of the known nitrifying bacteria increased more than 3-fold at 7 d 

compared to day 0, under the HET+AOB+NOB and AOB+NOB conditions, mainly due to growth 

of ammonia-oxidizers from the Nitrosomonadaceae family. Nitrospira also slightly increased 

(>38%) under NOB condition. The abundance of Nitrospira over other known NOBs (such as 

Nitrobacter) likely occurred because, Nitrospira are adapted to live under a substrate limiting 

condition (Nogueira and Melo, 2006). Altogether, the known nitrifying bacteria contribute <2 % 

of the relative abundance at the end of 7 days in live microcosms. In addition to the bacteria 

detected here, there could be other unknown bacteria contributing towards nitrification. For 

example, mixotroph organisms, which can use heterotrophic and autotrophic modes of nutrition 

simultaneously (Crane and Grover, 2010) are able to oxidize ammonia (Kouki et al., 2011).  
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Figure 5.9 Relative abundance (%) of known nitrifying bacteria at the genus level identified 

through 16s RNA sequencing in live-spiked microcosms. (HET: heterotrophic, AOB: ammonia-

oxidizing bacteria, NOB: nitrite-oxidizing bacteria)  

5.3.2.4 Alpha diversity and richness of the microbial community 

The diversity and richness indices (see D.3 of Appendix D for description) of the microbial 

communities are shown in Figure 5.10. The Shannon index decreased under all experimental 

conditions after 7 days (Figure 5.10a). The Hutcheson t-test showed that the Shannon indices on 

day 7 were significantly smaller (7 to 17%) compared with day 0 under all the treatment conditions 

(D.4 and D.5 of Appendix D). The Simpson index also decreased slightly between 0.02 and 2% 

after 7 days (Figure 5.10b). The decrease in both Shannon and Simpson indices indicates a 

decrease in richness for a given pattern of evenness, and/or a decrease in evenness for a given 

richness (Colwell, 2009). However, the magnitude of variation in the diversity indices is different, 

as Simpson diversity is less sensitive to the richness and more sensitive to evenness than the 

Shannon diversity (Colwell, 2009; Hill et al, 2003). The decrease in overall diversity is further 

supported by the observed decrease in both Chao1 and ACE richness estimators, as shown in 

Figures 5.10c and 5.10d. Overall, the approach used in this study involving inhibition agents to 

stimulate the growth of autotrophic and heterotrophic bacteria resulted in a slight decrease in 

microbial diversity.  
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Figure 5.10 Microbial diversity using a) Shannon index, b) Simpson index; microbial richness 

using c) Chao1 estimator, d) Abundance-Richness Coverage Estimator (ACE) in live-spiked and 

live-control microcosms. (HET: heterotrophic, AOB: ammonia-oxidizing bacteria, NOB: nitrite-

oxidizing bacteria) 

Comparison between live-spiked and corresponding live-control microcosms revealed 

statistically significant differences in the Shannon diversity index for all treatment conditions, 

except HET (D.5 of Appendix D), with the spiked microcosm having lower diversity. Previous 

studies have reported a microbial community shift and decrease in diversity in river sediment and 

soil, resulting from exposure to a higher concentration of perfluoroalkyl acids (e.g., PFCAs) (Sun 

et al., 2016) and 6:2 FTS transformation products (Qiao et al., 2018; Zhang et al., 2017).  

 Effect of microbial activity on 6:2 FTS biotransformation 

The concentrations of 6:2 FTS in the live-spiked microcosms (Figure 5.11) show a decreasing 

trend, with about 7 and 20% of the initially spiked 6:2 FTS being biotransformed after 10 d (Figure 

5.11). In contrast, the sterile control microcosms (Figure 5.11) showed no specific trend. The 

percentage of 6:2 FTS remaining after 10 d did not show a statistically significant difference under 
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various conditions (D.6 of Appendix D). However, Figure 5.11 reveals that in terms of 6:2 FTS 

biotransformation, the microcosms performed in the order of HET+AOB+NOB > AOB+NOB > 

NOB ≈ 1C HET. Overall higher 6:2 FTS biotransformation in the presence of ammonia-oxidation 

could be due to the presence of ammonium monooxygenase (AMO). AMO is a membrane-bound 

enzyme of AOB, which catalyzes the hydroxylation of ammonia to hydroxylamine, which is 

further oxidized to nitrite by hydroxylamine oxidoreductase (HAO). Monooxygenase enzymes 

have broad substrate range and low specificity (Fernandez-Fontaina et al., 2016; Tran et al., 2013). 

Desulfonation, considered to be the rate-limiting step in 6:2 FTS biotransformation (Wang et al., 

2011), can be catalyzed by monooxygenases. A review of microbial desulfonation by Cook et al., 

(1998) showed that monooxygenase enzymes can destabilize C-SO3
- bonds by inserting an oxygen 

atom to the same carbon, resulting in spontaneous loss of the sulfite group. In addition to copper-

dependent monooxygenases (i.e., AMO), monooxygenases with other co-factors (e.g., reduced 

flavin mononucleotide (FMNH2), nicotinamide adenine dinucleotide phosphate (NADP)) are also 

known to increase the biotransformation of fluorotelomer compounds (Lewis et al., 2016; Van 

Hamme et al., 2013). 

Biological systems with nitrification are favored for on-site leachate treatment or off-site co-

treatment with domestic wastewater (Berge et al., 2005) to remove the high ammonia content of 

landfill leachate. This study shows that the incorporation of nitrification in landfill leachate 

treatment schemes could significantly increase 6:2 FTS biotransformation. 
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Figure 5.11 Concentration of 6:2 FTS in live-spiked and sterile microcosms at various sampling 

days, normalized to initial spiking concentration (day 0). The initial spiking concentration varied 

between 750 – 800 µg/L (1756 – 1870 nmol/L). The absolute difference of duplicate 

measurements is represented with the error bars. (HET: heterotrophic, AOB: ammonia-oxidizing 

bacteria, NOB: nitrite-oxidizing bacteria). 

 

 Effect of microbial activity on PFCA formation  

5.3.4.1 Formation of C4 to C6 PFCAs 

Following the biotransformation of 6:2 FTS, short-chain PFCAs (i.e., PFBA, PFPeA and PFHxA) 

increased in the live-spiked microcosms over the experimental period (Figure 5.12a). ΣC4 – C6 

PFCAs after 10 d was higher under HET+AOB+NOB condition (~23 nmol/L) compared to HET 

(~8 nmol/L), AOB+NOB (~9 nmol/L) and NOB (~7 nmol/L) microsomes. A comparison between 

AOB+NOB and NOB also revealed slightly higher PFCAs formation in the presence of ammonia-

oxidation. Previously, higher PFCAs formation in the presence of ammonia-oxidation in activated 

sludge has been attributed to the presence of AMO enzyme (Yu et al., 2018; Yu et al., 2016). Since 

6:2 FTS biotransformation is cometabolic in nature (Yu et al., 2018b; Lewis et al., 2016; Kim et 

al., 2014), it is inherently connected to the presence of substrate. An overall greater amount of 

substrate (glucose+ammonia) for HET+AOB+NOB condition is likely to result in more complete 
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biotransformation (i.e., stable product formation). Observed ΣC4 – C6 PFCAs at 10 d, accounted 

for ~2 mol% of spiked 6:2 FTS at day 0 under HET+AOB+NOB condition. 

As discussed in section 5.3.2.2, a significantly higher abundance of Actinobacteria was 

observed under HET+AOB+NOB conditions (Figure 5.7), indicating that bacteria from this 

phylum could be resistant to 6:2 FTS and its biotransformation products and contribute towards 

the observed biotransformation and PFCA formation. Higher biotransformation products of 6:2 

FTS observed under the HET+AOB+NOB condition could have led to the observed decrease in 

microbial diversity after 7 days when compared with HET+AOB+NOB condition without any 

spike as discussed in section 5.3.2.4. Furthermore, microbial species that grew under the 

HET+AOB+NOB condition could also be more sensitive towards 6:2 FTS biotransformation 

products. A recent study (Cai et al., 2019) found that for the same PFCA, growths of Escherichia 

coli and Pseudomonas putida are more affected than Arthrobacter strain GQ-9. Overall, this study 

suggests that exposure to short-chain PFCAs and possibly other 6:2 FTS biotransformation 

intermediates (e.g., fluorotelomer acids) can cause a shift in the microbial community in landfill 

at environmentally relevant concentrations (µg/L). However, long-term studies are needed to 

understand the implications of microbial community change resulting from exposure to short-chain 

PFCAs during biological leachate treatment on-site or off-site in WWTPs. 

About 18% of the transformation products were unaccounted for the HET+AOB+NOB 

condition, suggesting that major intermediates (e.g., saturated and unsaturated fluorotelomer acids, 

secondary fluorotelomer alcohols) were formed during 6:2 FTS biotransformation. Previous 

studies (Rand et al., 2014; Phillips et al., 2010, 2007) have demonstrated that metabolic 

intermediates of fluorotelomer compounds (e.g., saturated and unsaturated fluorotelomer acids) 

have higher cellular toxicity than PFCAs. Therefore, any regulatory and research efforts focused 

on exposure and toxicological risk assessment of PFASs from landfills should include 

fluorotelomer intermediates, in addition to PFCAs. The aerobic biotransformation of 6:2 FTS in 

landfill leachate-sediment, discussed in Chapter 3 (section 3.3), can provide valuable information 

with regards to possible fluorotelomer intermediates, their yield and transformation pathways. 
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Figure 5.12 Formation of a) C4 – C6 Perfluorocarboxylic acids (PFCAs) resulting from 

biotransformation of 6:2 FTS, and b) C7 to C8 PFCAs resulting from background 

biotransformation of unknown precursor compound in the live-spiked microcosms with 

heterotrophic (HET), ammonia-oxidizing bacteria (AOB) nitrite-oxidizing bacteria (NOB); The 

initial spiking concentration of 6:2 FTS varied between 750 - 800 µg/L in the live-spiked 

microcosms. The absolute differences of duplicate measurements are represented with error bars.  

PFCA containing odd-numbered carbon (e.g., PFPeA) was only detected for 

HET+AOB+NOB conditions (Figure 5.12a). Previous studies have reported that the pathway and 

end products of 6:2 FTOH biotransformation are affected by microbial strain types, enzyme 

inducers and reducing energy (Kim et al., 2014; Kim et al., 2012). Therefore, it is likely that the 

microbial communities (discussed in section 5.3.2.2) and substrates added in the HET+AOB+NOB 

condition determined the rate of 6:2 FTS biotransformation and the products formed. 
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5.3.4.2 Background biotransformation 

In addition to C4 – C6 PFCAs, perfluoroheptanoic acid (PFHpA) and perfluorooctanoic acid 

(PFOA) also showed a modest increase in the live-spiked microcosms over the experimental period 

(Figure 5.12b). After 10 days, the sum of PFOA and PFHpA concentrations in live-controls 

(without 6:2 FTS spike) were comparable (~9 nmol/L) to that of the live spiked (Figure 5.12b). 

This suggests that background biotransformation of longer chain (≥C8) fluorotelomer precursor 

compounds, initially present in the landfill sediment used for inocula preparation, were responsible 

for the observed PFHpA and PFOA formation. For example, PFOA and PFHpA are 

biotransformation products of 8:2 FTOH in activated sludge and soil (Yu et al., 2016; Liu et al., 

2007; Wang et al., 2005). Similar to previous discussions in section 5.3.4.1, the overall higher 

formation of PFOA and PFHpA was observed under HET+NOB+AOB conditions (Figure 5.12b). 

Similar to the previously observed occurrence of odd-chained PFCA (section 5.3.4.1, Figure 

5.12a), PFHpA was also detected under HET+NOB+AOB conditions. 

5.4 Conclusions and future research 

Aerobic biotransformation of 6:2 FTS and production of PFCAs were evaluated under the 

stimulated growth of heterotrophic (HET), ammonia-oxidizing (AOB) and nitrite-oxidizing 

bacteria (NOB) using inocula, prepared from sediment sampled from a leachate collection ditch. 

Both heterotrophic and autotrophic bacteria were able to biotransform 6:2 FTS to varying extents. 

Overall, greater biotransformation of 6:2 FTS observed in the presence of AOB likely resulted 

from the presence of ammonia monooxygenase (AMO) enzyme. It is recommended that future 

studies measuring AMO enzyme are needed to explore its effect on 6:2 FTS biotransformation. 

Higher PFCA formation (C4 – C6) was also observed under HET+AOB+NOB condition, possibly 

due to the overall higher amount of substrate (glucose+ammonia) added for this condition. 

Therefore, landfill leachate treatments with biological nitrification systems are likely to increase 

6:2 FTS biotransformation and PFCA production.  

Greater than 20-fold higher abundance of Actinobacteria was observed under the 

HET+AOB+NOB condition on day 7. As Actinobacteria can synthesize a wide range of enzymes 

including monooxygenases, they are likely to play an important role in 6:2 FTS biotransformation 
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and PFCA production. Microbial diversity (Shannon index) of spiked microcosms decreased in 

comparison with controls microcosms without the 6:2 FTS spike. Future research is needed to 

elucidate how the loss of microbial diversity might affect the performance of biological systems 

(e.g., activated sludge system, aerobic granular sludge) treating landfill leachate. 

The results from this study suggest that 6:2 FTS released with landfill leachate is a secondary 

source of short-chain PFCAs in the environment. Considering the mobile and persistent nature of 

short-chain PFCAs, their release would result in long-term exposure to humans, animals and biota. 

Short-chain PFCAs constituted a small fraction (<2%) of the parent compound, indicating that 

other fluorotelomer stable products and biotransformation intermediates (e.g., saturated and 

unsaturated fluorotelomer acids) would also be released to the aquatic environment.  

 

 

 

 



97 

 

Chapter 6: Phototransformation of 6:2 Fluorotelomer Sulfonate in Landfill 

Leachate Under Simulated Sunlight 

 

6.1 Introduction 

6:2 Fluorotelomer sulfonates (6:2 FTS) are widely used in surface coatings, paints, adhesives, wax 

and polishes as surfactants and water repellents (DuPont, 2012), applied to consumer products 

made of paper, wood, leather and textiles. In addition, 6:2 FTS is also used as a replacement of 

long-chain perfluorinated compound (e.g., perfluorooctane sulfonate (PFOS)) as a mist 

suppressant in chrome plating (Yang et al., 2014; Poulsen et al., 2011). Due to the disposal of 

consumer products containing 6:2 FTS at landfills, landfill leachates act as a secondary source of 

6:2 FTS and its transformation products (e.g., C4 – C6 perfluorocarboxylic acids (PFCAs)) 

(Knutsen et al., 2019; Field and Seow 2017; Lang et al., 2017; Allred et al., 2014) in groundwater 

and surface water (Hepburn et al., 2019; Gobelius et al., 2018). Short-chain (C4 – C6) PFCAs are 

increasingly reported to dominate the poly- and perfluoroalkyl substance (PFAS) content in 

landfill leachate (Knutsen et al., 2019; Fuertes et al., 2017; Yan et al., 2015; Busch et al., 2010). 

Concerns exist regarding the high mobility and persistent nature of short-chain PFCAs, making 

them challenging to remove from drinking water (Li et al., 2019).  

Previous research (Chapters 3 and 4) have shown that 6:2 FTS undergoes slow 

biotransformation (half-life >> 30 days) in landfill leachate under aerobic conditions. Due to the 

abstractable-H atoms in the fluorotelomer chain (see Figure E.1 of Appendix E), environmental 

oxidation processes (Butt et al., 2014) such as indirect phototransformation have the potential to 

affect the fate and transformation of 6:2 FTS in leachate, in addition to biotransformation. On-site 

leachate treatment options such as evaporation ponds, aerated lagoons, as well as off-site treatment 

in wastewater treatment plants (WWTPs) expose the leachates to sunlight. Following treatment, 

landfill leachate is often disposed of in surface waters (Townsend et al., 2015), thereby, making 

phototransformation a possible pathway for 6:2 FTS transformation in sunlit surface water. 

Previous studies (Trouborst, 2016; Gauthier and Mabury, 2005) have reported 

phototransformation of fluorotelomer compounds (i.e., 6:2 fluorotelomer sulfonamide 
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alkylbetaine (6:2 FTAB) and 8:2 fluorotelomer alcohol (8:2 FTOH)) in aqueous environments, 

with half-lives of 1 to 14 days (d), primarily producing persistent PFCAs (Trouborst, 2016; 

Gauthier and Mabury, 2005). Prior investigation of the phototransformation of 6:2 FTS in Milli-

Q water using high energy far-UV radiation in the presence of a photosensitizer (e.g., H2O2) has 

reported short-chain (C2 to C7) PFCAs to be primary products (Yang et al., 2014). However, the 

aqueous phototransformation of 6:2 FTS under environmentally relevant conditions has not been 

studied to date. 

Aqueous phototransformation under solar irradiation consists of both direct and indirect 

phototransformation. Direct phototransformation occurs when the analyte of interest itself absorbs 

light radiation, resulting in a chemical reaction (Remucal, 2014). On the other hand, indirect 

phototransformation occurs when light radiations absorbed by photosensitive species, chemically 

produces reactive species, which then react with the analyte of interest (Schwarzenbach et al., 

2003). Ubiquitous natural water and wastewater components (e.g., dissolved organic carbon 

(DOC), nitrate) absorbs light and reacts with dissolved oxygen to form reactive oxygen species 

(ROS), such as singlet oxygen (1O2), hydroxyl radicals (•OH), superoxide anions (O2
•-), and H2O2 

(Zhang et al., 2014) under solar radiation (as shown in Equations 6.1 and 6.2). In addition, the 

ROS can further react with natural water constituents (e.g., nitrate), forming reactive nitrogen 

species (Scholes et al., 2019). Recent studies have shown that, depending on their concentration 

and reactivity towards specific compounds, DOC (Ren et al., 2017; Wang et al., 2012; Xu et al., 

2011) and nitrate (Scholes et al., 2019; Bonvin et al., 2013; Gauthier and Mabury, 2005) can play 

important roles in indirect phototransformation of organic pollutants, including fluorotelomer 

compounds (Trouborst, 2016; Gauthier and Mabury, 2005), in sunlit natural waters and engineered 

systems (e.g., aerated lagoons, constructed wetlands for leachate and wastewater treatment).  

 

  (6.1) 

   

 (6.2) 

ƕ 
1O

.OH 

DOC  DOC

NO3
- → NO2

- +  .O- → .OH 

ƕ H+ 
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Landfill leachate is complex in nature, often characterized by high DOC and ammonia (tens 

to thousands of mg/L) (Townsend et al., 2015; Renou et al., 2008; Kjeldsen et al., 2002). Under 

aerobic conditions, the ammonia is converted to nitrate within days as discussed in section 4.3.1 

of Chapter 4. Therefore, the environmental fate of 6:2 FTS in landfill leachate is likely affected by 

the DOC and nitrate contents of leachate, the extents of which are unknown at this time. The 

overall goal of this research project is to investigate the phototransformation of 6:2 FTS in landfill 

leachate under simulated sunlight conditions. The specific objectives included investigating the 

effects nitrate and humic acid (HA) on 6:2 FTS phototransformation, measuring the 

phototransformation rate of 6:2 FTS in landfill leachate and quantification of known 

transformation products (i.e., PFCAs) when subjected to simulated sunlight. 

6.2 Materials and methods 

 Landfill leachate collection 

Landfill leachate was collected from a leachate collection sump in a municipal landfill (location is 

kept confidential at the request of the operator) using an ISCO 6712 portable sampling pump fitted 

with food-grade vinyl tubing. The tubing was flushed for ~2 minutes before collecting the leachate 

into 2 L polypropylene (PP) bottles. The samples were then placed with ice packs and transported 

to UBC within 2 h of collection. Following transport, the leachate was filtered through 0. 45 µm 

filter paper the same day and stored at -17°C. Prior to the use of the stored leachate for 

photodegradation experiments, physical and chemical characterization was performed as described 

in section 6.2.4.2.  

 Standards and reagents 

6:2 FTS and four of its known phototransformation products, perfluorobutanoic acid (PFBA), 

perfluoropentanoic acid (PFPeA) and perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid 

(PFHpA) (Yang et al., 2014), were monitored in all samples. Perfluorooctanoic acid (PFOA) and 

5:3 fluorotelomer carboxylic acid (FTCA), compounds that are routinely detected in landfill 

leachates (Knutsen et al., 2019; Lang et al., 2017; Allred et al., 2014), were monitored in leachate 

samples. The analytes of interests (i.e., 6:2 FTS, PFBA, PFPeA, PFHxA, PFHpA, PFOA and 5:3 

FTCA) were purchased from Wellington Laboratories, Guelph, Canada with >99% purity. The 
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acronyms and CAS numbers of the analytes of interest are listed in E.1 of Appendix E. HPLC 

grade acetonitrile and ammonium acetate were purchased from Sigma-Aldrich and Fisher 

Scientific, respectively. For all purposes, when water was needed, ultrapure deionized water (DI) 

from a Millipore® unit was used.  

A phosphate buffer was selected to conduct the phototransformation experiments due to their 

high buffering capacity and high solubility in water. Potassium phosphate monobasic (KH2PO4) 

and dipotassium hydrogen orthophosphate (K2HPO4) were used to prepare the phosphate buffer 

solution (0.1 M) with neutral pH, the selected ionic strength of the phosphate buffer solution was 

within the previously reported range of 0.05 to 0.3 M for landfill leachate (Bradshaw et al., 2014; 

Guyonnet et al., 2005). A stock solution of nitrate (1000 mg/L) was prepared in DI. HA stock was 

prepared in 0.1 M potassium phosphate buffer (pH 7.1), to avoid the formation of precipitates. The 

suppliers of chemicals used for phosphate buffer and stock solution preparation are listed in E.2 

of Appendix E. The actual concentrations of the prepared HA and nitrate stocks were 246 ± 1 and 

984 ± 6 mg/L.  

 Experimental setup and sample collection 

6.2.3.1 Experimental conditions 

Landfill leachate and 0.1 M phosphate buffer (pH 7.1) with HA and nitrate at various 

concentrations (Table 6.1), were used for the irradiation experiments. The irradiation solutions (16 

mL) were prepared in 40 mL clear borosilicate vials (with PP caps) by spiking the phosphate buffer 

solution with respective stocks of HA and nitrate. Irradiation solutions were also spiked with 6:2 

FTS diluted stock in DI (~100 mg/L) to achieve a concentration of ~100 µg/L (233 nm/L).  
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Table 6.1 Experimental conditions of 6:2 FTS phototransformation under simulated sunlighta 

Description 
Dissolved organic 

carbon (mg/L) 

Nitrate 

(mg/L) 

Humic acid (HA) in buffer solutionb 

7 0 

22 0 

66 0 

200 0 

Humic acid-dark controlb 22 0 

Nitrate in buffer solutionb 

0 10 

0 25 

0 62 

0 154 

Nitrate-dark controlb 0 10 

Humic acid and nitrate in buffer solutionb 22 25 

pH 7.1 bufferb 0 0 

pH 7.1 buffer-dark controlb 0 0 

Deionized water (DI) 0 0 

Leachate spiked 178 14 

Leachate-dark control 178 14 

Leachate-background 178 14 
a all conditions were spiked with ∽100 µg/L of 6:2 FTS, except the leachate-background 
bpH 7.1 potassium phosphate buffer solution 

 

6.2.3.2 Light soaking chamber setup 

The 6:2 FTS spiked solutions were irradiated for 72 hours (h) inside a light soaking chamber 

(Figure 6.1) in a lab in the UBC Chemistry department. Due to limited access to the lab, irradiation 

experiments lasting longer than 72 h were not feasible. The light soaking chamber was equipped 

with a 1000 W metal halide grow lamp of wavelength range 390 to 750 nm (Figure E.2 of 

Appendix E). The output of the lamp was set to 400 W dimmable electronic ballast. The samples 

were placed on a 15 cm × 20 cm area in a platform, 14 cm directly below the lamp. The output of 

the lamp was measured at the beginning and end of each experimental run, using a Hydrofarm 

LGBQM Quantum Photosynthetically Active Radiation (PAR) Meter (Hydrofarm, CA, USA). 

The measured PAR value varied between 850 and 1000 µmol/s/m2 on the platform area used for 

sample irradiation.  
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Figure 6.1 Schematic representation of the experimental setup showing the light source and sample 

arrangement. (See Figure E.3 for photo of light soaking chamber.) 

The temperature of the light soaking chamber was maintained constant at 39 ± 2°C (Figure 

E.4) using a built-in fan. The inside temperature of the chamber was monitored by continuous 

thermocouple measurements and a temperature input device (USB-TC01 from National 

Instruments™, USA), which included built-in software for viewing and logging data in a 

computer. Dark controls covered with aluminum foil were also run concurrently in a similar 

manner as the irradiated samples. At each sampling event (i.e., 0, 2, 4, 8, 24, 48, 72 h), 1 mL of 

irradiated and dark control samples were collected. This resulted in 7 mL out of the initial 16 mL 

solution being collected and stored at -17°C for further chemical analysis. Sample bottles were 

weighed after sample collection and before the next sampling time to calculate the evaporation 

losses and topped up with DI to correct for the losses. The pH of the samples was measured at 0 

and 72 h. They did not change from 7.1 for the phosphate buffer solutions with HA and nitrate. 

The initial pH of 8.5 decreased slightly to ∽8.4 after 72 h for the landfill leachate samples.  

 Instrumental analysis 

6.2.4.1 PFAS analysis 

To quantify the PFAS compounds, collected samples were spiked with M2_6:2FTS, M3PFBA, 

MPFHxA as the internal standards. In addition to the three labelled internal standards, leachate 

samples were spiked with M8PFOA. After vortex mixing, the samples were directly analyzed 

using HPLC-MS/MS. An Agilent 1200 series HPLC system (Agilent Technologies, CA, USA) 



103 

 

was used to separate the analytes in accordance with the instrumental method described in Chapter 

3 section 3.2.5. Briefly, 4 µL of the sample was injected onto a Waters Xterra MS C18 column 

(100×2.1 mm, 3.5 µm particle size; Waters Corporation, Milford, MA), preceded by an Xterra MS 

C18 VanGuard cartridge (30×2.1 mm, 3.5 µm particle size Waters Corporation, Milford, MA). 

The mobile phase consisted of (A) water with 10 mM ammonium acetate and 10 mM acetic acid 

and (B) acetonitrile. The gradient profile of the mobile phases and detailed instrumental conditions 

are specified in E.3 of Appendix E.  

6.2.4.2 Organic, inorganic and optical properties analysis 

A Shimadzu TOC analyzer (TOC-LCSH/CPN) was used for analyzing the DOC concentrations of 

the HA solutions and leachate samples. Anions were analyzed using a Dionex™ Aquion™ ion 

chromatography (IC) (Dionex Inc., Sunnyvale, CA, USA) system. Anions in IC were separated by 

an IonPac™ AS22 (4 × 250 mm) analytical column and IonPac™ AS22 guard column. The mobile 

phase consisted of 4.5 mM sodium carbonate and 1.4 mM sodium bicarbonate with a flow rate of 

1.2 mL/min. UV/Vis transmittance was measured with a Thermo Spectronic Unicam UV 300 

Spectrometer. For leachate and 1% 6:2 FTS aqueous solution, the measurements (shown in Figure 

6.2) were done against a DI reference using 1 cm quartz cuvettes. The specific ultraviolet 

absorbance (SUVA254) was determined for the landfill leachate as the ratio of absorbance at 254 

nm to the concentration of dissolved organic carbon. E2:E3 was calculated as the ratio of 

absorbance at 250 nm to that at 365 nm.  

 Quality control and quality assurance 

Throughout the irradiation experiment, sample processing and storage, polypropylene and HDPE 

were preferred over polytetrafluoroethylene (PTFE) containing materials to eliminate 

contamination by background fluorotelomer compounds. All irradiation experiments were 

conducted in at least two replicates. During LC-MS/MS analysis, quality control (QC) 

intermediate level calibration standards and instrumental blanks were injected every 10 – 15 

samples to monitor absolute analyte areas, chromatographic retention times and background 

contamination from the instrument. The analytes of interest were below detection limits in all 

instrumental blanks in LC-MS/MS. The concentration of the QC standard varied within ± 15% of 
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the actual concentration. Instrumental analyses using the IC and TOC analyzers also included QC 

and blank samples to monitor absolute analyte areas, chromatographic retention times and 

background contamination. 

6.3 Results and discussions 

 Physical and chemical and optical properties of landfill leachate 

The physical and chemical characterization and optical properties of the leachate are shown in 

Table 6.2. The pH of >8.5 suggested that the landfill is predominantly going through the 

methanogenic phase (Renou et al., 2008). The leachate collection system in the landfill studied 

also collects all the surface runoff from the landfill site. Therefore, the sampled leachate can be 

diluted by precipitation. This is supported by the observation that the DOC, ammonia, anion and 

cation concentrations of the leachate were closer to the lower bound of typical literature values 

(hundreds to thousands of mg/L for DOC, ammonia, anions and tens to hundreds of mg/L for 

cations as compiled in Table 3.2 in Chapter 3) (Kjeldsen et al., 2002) than the higher bound. 

Table 6.2 Characteristics of filtered (0.45 µm cellulose filter) landfill leachate (n=3) used in 

phototransformation experiments 

Characteristics  

pH 8.6 ± 0.1% 

Electrical conductivity (mS/m) 25 ± 2% 

Alkalinity (mg CaCO3 mg/L) 1750 ± 2.5% 

Dissolved organic carbon (mg/L) 178 ± 1% 

Ammonia 134 ± 3% 

Nitrate (mg/L) 14 ± 0.7% 

Metals (mg/L)  

Calcium  135 ± 5% 

Magnesium  53 ± 7% 

Silicon  28 ± 4% 

Anions (mg/L)  

Sulfate 32 ± 2% 

Chloride 453 ± 2% 

Bromide  7.4 ± 2% 

Optical properties  

Specific ultraviolet absorbance (SUVA254) (L/mg.m) 1.8 ± 1.3% 

E2:E3 (ratio of absorbance at 250 nm to that at 365 nm) 5.6 ± 1.8% 
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UV/Vis absorbance spectra (Figure 6.2 and optical properties in Table 6.2) of the leachate 

sample can provide insight into the structure of DOC (Maizel, 2017). The specific UV absorbance 

(SUVA254), a useful estimator of the aromaticity and molecular weight of DOC (Chowdhury, 2013; 

Hansen et al., 2016), was found to be ∽1.8 L /mg.m (Table 6.2) in the landfill leachate. This 

observed value was lower than the SUVA254 of DOC from terrestrially-dominated aquatic systems 

and the Sigma-Aldrich HA (typical range: 4 – 6 L /mg.m) (Al-Reasi et al., 2013; Weishaar et al., 

2008), but similar to microbially-dominated aquatic systems (e.g., effluent from WWTP) (Maizel 

and Remucal, 2017). This indicates the presence of lower molecular weight compounds in leachate 

DOC, which absorbs less light, but can produce reactive species more efficiently compared with 

DOC of higher molecular weight (Maizel, 2017; MacKay et al., 2016; Helms et al., 2008). 

 

Figure 6.2 Percentage transmittance of UV/Vis spectrum in filtered landfill leachate and 1% 6:2 

FTS solution. 

 Effect of nitrate and humic acid on 6:2 FTS phototransformation 

The concentrations of spiked 6:2 FTS in phosphate buffer solutions containing nitrate and HA are 

shown in Figure 6.3. Over the 72 h experimental period, 6:2 FTS did not show any consistent 

decrease in the irradiated samples for the selected concentration ranges of nitrate and HA (Figures 

6.3a to c). In addition, the concentration trends of the irradiated samples were similar to those of 

their respective dark controls (6.3a and b). This suggests little or no observable 

phototransformation of 6:2 FTS in the presence of nitrate and HA under the experimental 
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conditions during 72 h of irradiation. Known phototransformation products of 6:2 FTS, C4 – C7 

PFACs, were not detected in any of the samples. A previous study (Gauthier and Mabury, 2005) 

had shown that hydroxyl radical is primarily responsible for indirect phototransformation of 

fluorotelomer alcohol (8:2 FTOH). Therefore, the low yield of hydroxyl radicals under our 

experimental conditions would explain the observed lack of 6:2 FTS transformation. In addition, 

recent studies (Chen, 2019; Khosravifarsani et al., 2016) have shown that phosphate ions in the 

buffer have the capability to scavenge hydroxyl radicals, although to a lesser extent than common 

scavengers (e.g., tert-butyl alcohol) (Chen, 2019). 

 Phototransformation of 6:2 FTS in landfill leachate and product formation 

6.3.3.1 Phototransformation of 6:2 FTS  

The spiked 6:2 FTS showed a consistent decreasing trend in irradiated landfill leachate as opposed 

to the leachate dark control sample (Figure 6.4), suggesting that 6:2 FTS can undergo 

phototransformation in landfill leachate in a sunlight drenched environment. However, the absence 

of a decrease in spiked 6:2 FTS in irradiated DI suggests that direct phototransformation was not 

occurring, which can be attributed to the lack of absorbance of 6:2 FTS at environmentally relevant 

wavelengths (λ>290 nm) (Figure 6.2). Therefore, indirect phototransformation was likely 

responsible for the observed decrease of 6:2 FTS in landfill leachate. The phototransformation of 

6:2 FTS in landfill leachate followed pseudo-first-order kinetics, with a rate constant of 0.0039 h-

1. The estimated half-life of 6:2 FTS was ∽178 h (coefficient of determination, R2>0.94 for 7 data 

points as shown in Figure E.5), roughly equivalent to ∽15 d considering the day and night cycle. 

Previous studies (Trouborst, 2016; Gauthier and Mabury, 2005) have reported half-lives ranging 

between 30 and 163 h, and 14 and 108 h for 8:2 FTOH and 6:2 FTAB in lake water and synthetic 

field water containing DOC, nitrate and bicarbonate, under simulated sunlight. The slightly higher 

half-life of 6:2 FTS observed in leachate in our study compared to previous studies (Trouborst, 

2016; Gauthier and Mabury, 2005) could be due to differences in irradiation matrix and light 

source.  
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Figure 6.3 Time variation of spiked 6:2 FTS in pH 7.1 phosphate buffer solutions in the presence 

of a) 25 – 154 mg/ L nitrate, b) 7 – 200 mg/L of humic acid (HA), and c) with 22 and 25 mg/L HA 

and nitrate. The initial spiking concentration of 6:2 FTS ranged between 110 – 130 µg/L. The 

errors of duplicate measurements (or triplicates for 10 mg/L nitrate) are represented by the error 

bars. The errors were within the range of those observed for quality control standards (±15%). 
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While the phosphate buffer solutions with nitrate and HA did not show measurable 

transformation (section 6.3.2), 6:2 FTS decreased in landfill leachate (Figure 6.4) with nitrate and 

DOC content comparable to that of the phosphate buffer solutions. Previous studies (Sharpless, 

2012; Halladja et al., 2007) have shown that the photoreactivity of DOC is closely related to the 

structure and source of the DOC. Therefore, differences in the structure of DOC leachate compared 

to HA solution could contribute to increased formation of reactive species, resulting in 6:2 FTS 

transformation. The landfill leachate DOC has been shown to include hydrophilic, humic and 

fulvic acid fractions (Xie and Guan, 2014; Driskill, 2013; Zhang et al., 2013; Huo et al., 2008). As 

discussed in section 3.1, the SUVA254 of leachate indicated the presence of lower molecular weight 

DOCs, which are capable of efficient production of reactive species (Maizel, 2017; MacKay et al., 

2016; Helms et al., 2008).  

 

Figure 6.4 Phototransformation of spiked 6:2 FTS in landfill leachate in irradiated and dark control 

solution over a period of 72 hours. The initial spiking concentration was ∽100 µg/L. The absolute 

differences of duplicate (and triplicates for leachate spiked conditions) are expressed by the error 

bars.  

6.3.3.2 Phototransformation products of 6:2 FTS 

Among the PFACs investigated, PFBA and PFHxA were above the detection limit in all leachate 

samples (Figure 6.5b). PFHpA and PFPeA were not detected in any of the leachate samples. The 

PFBA concentration remained almost constant throughout the experimental period in irradiated 

and control samples. The increase of PFHxA only in irradiated leachate spiked and background 
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samples (without 6:2 FTS) suggests that the formation of PFHxA was likely a result of 

phototransformation of 6:2 FTS or other fluorotelomer precursors present in leachate. For 

example, 5:3 FTCA, a common biotransformation product of fluorotelomer compounds in 

leachate, was present in all leachate samples at concentrations ranging between 2 and 3 µg/L 

(Figure 6.5b). Lack of quantifiable PFCAs indicates the formation of unknown products and 

possible loss of volatile products (e.g., 6:2 fluorotelomer alcohol and aldehyde) that were not 

monitored in this study. For example, Yang et al., (2014) reported a novel intermediate (proposed 

structure: CF3(CF2)5CH(OH)CH(OH)SO3
-) to be a major product of advanced photooxidation of 

6:2 FTS. Another study (Gauthier and Mabury, 2005). reported that ∽2% of initially spiked 8:2 

FTOH was converted to known products (e.g., FTCA, PFCA etc.) in synthetic field water 

containing DOC, nitrate and bicarbonate. For future studies, an irradiation time longer that 72 h is 

recommended, which would allow quantification of the phototransformation products and 

performance of a mass balance analysis. 

 



110 

 

 

Figure 6.5 a) C4 and C6 perfluorocarboxylic acids (PFCAs), and b) 5:3 fluorotelomer carboxylic 

acid (FTCA) in landfill leachate in irradiated and dark control solution over 72 hour period. The 

absolute differences of duplicate are expressed as error bars. 

 

6.4 Conclusions and future research  

Phototransformation of spiked 6:2 FTS was investigated in pH 7.1 phosphate buffer solution in 

the presence of nitrate and humic acid, and in landfill leachate under simulated sunlight. The spiked 

6:2 FTS did not show any observable decrease in the presence of nitrate and humic acid over 72 

h, likely due to the low yield of hydroxyl radicals. However, 6:2 FTS underwent indirect 

phototransformation in landfill leachate, with an estimated half-life of ∽15 d. This suggests that 

indirect phototransformation of 6:2 FTS is likely a relevant environmental transformation pathway 

in diluted leachate. The increase of PFHxA in irradiated leachate background samples (without 
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6:2 FTS) suggested that phototransformation in sunlit leachate could lead to formation of persistent 

PFCAs, even at environmental concentrations of the precursors. To better understand the 

mechanism of indirect phototransformation of 6:2 FTS, the roles of various reactive species need 

to be studied using specific probe compounds. In addition, to better elucidate the role of leachate 

DOC, phototransformation experiments should be conducted with various fractions of DOC 

isolated from landfill leachate.  
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Chapter 7: Conclusions and Recommendations for Future Work 

7.1 Conclusions 

Fluorotelomer compounds (FTCs) consists of a major fraction of the important class of industrial 

chemicals called poly- and perfluoroalkyl substances (PFASs). Consumer products and packaging 

containing FTCs are disposed of at municipal landfills at the end of their useful lives, where they 

undergo abiotic and biotic transformations. While previous studies have routinely quantified FTCs 

(e.g., fluorotelomer alcohol (FTOH) and fluorotelomer sulfonate (FTS)) and their known 

biotransformation products (e.g., perfluorocarboxylic acid (PFCA)) in landfill leachate, their 

environmental fate and transformation in leachate have not been studied to date. Therefore, this 

study was focused on measuring the transformation of FTCs in landfill leachate using lab-scale 

experiments under environmentally relevant conditions. 

The findings from the aerobic biotransformation studies showed that 8:2 FTOH and 6:2 FTS 

persisted in landfill leachate and sediment (half-life >>30 d). Slower biotransformation could 

result in significant partitioning of 8:2 FTOH to the atmosphere during on-site leachate storage 

and treatment, especially involving aeration (e.g., aerated lagoons, air stripping, etc.). The 

biotransformation pathways of 8:2 FTOH and 6:2 FTS were similar to those observed in soil, 

sediment and activated sludge, with PFCAs being the primary end products. These suggest that 

landfills act as secondary sources of FTCs and their biotransformation products, including legacy 

pollutants such as perfluorooctanoic acid (PFOA) and highly mobile short-chain (C4 – C6) PFCAs 

in the environment. For the first time, this study reported that dilution of landfill leachate, (e.g., 

during wet seasons), would likely result in reduced 6:2 FTS biotransformation and increased 

PFCAs formation compared to dry seasons. 6:2 FTS biotransformation under stimulated growth 

of heterotrophic, ammonia-oxidizing and nitrite-oxidizing bacteria, showed that both heterotrophic 

and nitrifying bacteria were able to biotransform 6:2 FTS to varying extents. However, greater 

biotransformation of 6:2 FTS and higher PFCA formation (C4 – C6) were observed in microcosms 

with heterotrophic and nitrifier growths. This suggests that biological landfill leachate treatments 

with nitrification systems are likely to increase 6:2 FTS biotransformation and cause greater PFCA 

release with treated leachate. 6:2 FTS also underwent phototransformation in landfill leachate 

under simulated sunlight, with an estimated half-life of ∽15 days, indicating that indirect 
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phototransformation of 6:2 FTS is likely a relevant environmental transformation pathway in sunlit 

aquatic environments. 

 Overall, FTCs exhibited chain length- and functional-group-dependent transformation 

behavior in a landfill leachate-sediment system, producing a mixture of partially- and fully 

fluorinated compounds with distinct partitioning behavior and varying persistence. Therefore, 

strategies including monitoring of the waste, robust multi-media sampling and pollution control 

measures are needed to mitigate risks of PFAS compounds in landfill leachate. 

7.2 Recommendations for future research 

Based on the observations and findings from this study, the following recommendations are made 

for future research. 

• The landfill leachate used in this study can be considered dilute (TOC < 1000 mg/L), compared 

to other municipal solid waste landfills. Also, the leachate collected here likely represents a 

mixture of leachate from various stages of waste decomposition. Therefore, further 

investigation is recommended to better elucidate the effect of leachate from various stages of 

waste decomposition and highly concentrated leachate on FTC biotransformation.  

• Formation of the sediment-bound residue of FTCs observed here, can potentially reduce 

toxicity bioavailability of FTCs. Long-term stability and remobilization potential of such 

residues from sediment/soli contaminated with leachate management operations (e.g., 

evaporation ponds, leachate ditches, aerated lagoons) need to be studied.  

• Biotransformation of FTCs primarily produced PFCAs in landfill leachate. Considering the 

persistent nature and high mobility of short-chain PFCAs, future research is necessary to 

develop effective removal techniques for PFCAs from landfill leachate to limit their release in 

the environment. 

• Measurement of key enzymes (i.e., ammonium monooxygesane) is recommended to confirm 

the positive effect of ammonia-oxidizers on FTC biotransformation during nitrification.  
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• Future studies are needed to elucidate the relationship between heterotrophic and autotrophic 

biomass growth and FTC biotransformation, to develop a cometabolic model that can predict 

the removal of parent compounds and PFCAs generation in leachate biological treatment 

systems.  

• To better understand the mechanism of indirect phototransformation of 6:2 FTS, the role of 

various reactive species needs to be studied using specific probe compounds.  

• To better elucidate the role of dissolved organic carbon on indirect phototransformation of 

FTCs, phototransformation experiments should be conducted with dissolved organic carbon 

isolated from landfill leachate. 
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Appendix A  Data on occurrence of PFASs in landfill leachate (Chapter 2)  

 Occurrence of perfluoroalkyl acids (PFAAs) in landfill leachate (concentrations expressed in ng/L) 
Class of 
PFASs 

  Kallenborn 
et al., (2004) 

Bossi et al., 
(2008) 

Woldegiorgis 
et al., (2008) 

Huset et al., 
(2011) 

Benskin et al., 
(2012) 

Busch et al., 
(2010) 

Perkola et 
al., (2013) 

Allred et 
al., 

(2014) 

Yan et al., (2015) Gallen et 
al., (2016) 

Fuertes et al., 
(2017) 

Country Nordic Denmark Sweden USA Canada Germany Baltic Sea USA China Australia Spain 

Perfluoroalka
ne sulfonic 

acids (PFSA) 

PFBS 5–110 (50) a -b <0.5–110 (40) 
280-890 

(570) 
40-190 (90) 

<0.5–1350 

(220) 
- 

40-3200 

(200) 
1600-41600 (9240) 

<.5-840 

(250) 
<60-580 

PFHxS 10–140 (80) <0.5c–3 10–1800 (520) 
160-700 

(280) 
85-570 (330) <0.5–180 (20) - 

40-1100 

(650) 
30-480 (140) 

<.5 - 1900 

(380) 
<30 

PFOS 30–190 (80) <1–4 30–1500 (550) 60-160 (100) 
220-4400 

(390) 
0.5–235 (30) 

90-140 
(110) 

25-590 
(150) 

1150-6020 (1740) 
<.5 - 1100 

(310) 
<30 

PFDS - - <1 <.5-5 (1) 2-60 NDd - 10 - <.5-3 <80 

Perfluoroalky
l carboxylic 

acids 

(PFCAs) 
  

PFBA - - <12–30 (10) 
170-1700 

(490) 

120-660 

(260) 

<3–2970 

(460) 
- 

70-3700 

(1150) 
1100-9270 (2720) 

<.5-1600 

(250) 
<1-790 (80) 

PFPeA - - - 
120-1500 

(610) 

570-1800 

(100) 
- - 

50-3200 

(1450) 
610-6530 (1670) - 20-330 (200) 

PFHxA 26–700 (230) - <7–310 (80) 
270-790 

(390) 

670-2500 

(1300) 

<0.5–2510 

(230) 

50- 200 

(120) 

190-8900 

(1750) 
140-4430 (270) 

12 - 5700 

(970) 
100-840 (250) 

PFHpA - - <20–260 (200) 
100-340 

(170) 
240-690 

(440) 
<0.5–280 (50) - 

60-3100 
(1020) 

70-5830 (180) 
2-3500 
(540) 

<17-100 (60) 

PFOA 90–510 (290) <2–6 (3) 40–1000 (540) 
380-1000 

(600) 
300-1500 

(530) 
<0.5–920 

(150) 
75- 270 

(170) 
150-5000 

(1050) 
280-214000 (2260) 

19-2100 
(450) 

200-510 (440) 

PFNA 5–60 (30) <1 <20–100 (40) 20-30 (20) 30-450 (60) <3–80 (10) - 
10-290 

(20) 
1-380 (170) <.5-90 (20) <50 

PFDA - <1 <20–220 (80) 0.5-23 (15) 
40-1100 

(110) 
<0.5–55 (5) 2- 4 (2) 

6-200 

(10) 
1-19 (10) <.5-57 (10) <53 

PFUnA - - - 0-10 4-120 (10) <0.5–3 - <0.5 - <.5-20 (5) <28 

arange of concentration (median value); bnot analyzed; c‘<’ represents detection limit; dND: not detected;
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 Occurrence of perfluoroalkyl sulfonamide derivatives, fluorotelomer acids in landfill leachate 

(concentration expressed as ng/L) 

Class of PFASs 

  Huset et al., 

(2011) 

Benskin et al., 

(2012) 

Busch et al., 

(2012) 
Allred et al., (2014) 

Country USA Canada Germany USA 

Landfill sites  6 1 22 6 

Perfluoroalkane 

sulfonamidoacetic 

acids (FASAAs) and 

N-

alkylPerfluoroalkane 

sulfonamidoacetic 

acidsa  

FOSA 0-7 (1) 5-90 (10)d <0.5–14.0 (3) - 

FOSAA 0-1 (1) 20-990 (47) - - 

MeFBSAA 60-440 (160) - - 40-2900 (720) 

MeFPeSAA  - - - 20-660 (400) 

MeFHxSAA - - - 15-1900 (190) 

MeFHpSAA  - - - 2 -140 (10) 

MeFOSAA 15-290 (140) 30-5000 (350) - 20-990 (80) 

EtFBSAA  - - - 5-100 (30) 

EtFPeSAA  - - - 2-50 (30) 

EtFHxSAA  - - - 4-50 (20) 

EtFHpSAA  - - - 10-15 (10) 

EtFOSAA 20-480 (90) 
290-8700 

(590) 
- 10-310 (70) 

n:2 Fluorotelomer 

carboxylic 

acids (n:2 FTCAs) 

and 

unsaturated 

carboxylic acidsb 

(n:2 FTUCAs) 

6:2 FTCA - 40-280 (120) - 230-2000 (550) 

8:2 FTCA - 
190-5200 

(360) 
- 20-240 (150) 

10:2 FTCA - 30-770 (80) - 15 

3:3 FTCA  - - - 8-55 (40) 

5:3 FTCA  - - - 320-18000 (3600) 

7:3 FTCA - - - 20-1700 (200) 

6:2 FTUCA - 5-65 (10) - 20 

8:2 FTUCA - 50-2100 (130) - 2 

10:2 FTUCA - 5-430 (30) - - 

n:2 Fluorotelomer 

sulfonic acidsc 

(n:2 FTSs) 

4:2 FTS -   - 5-12 (6) 

6:2 FTS 30-370 (30)   - 20-470 (120) 

8:2 FTS 10-120 (30)   - 5-150 (80) 
adegradation intermediates of (N-ethyl/methyl) perfluoroalkane sulfonamidethanol;  
bdegradation intermediate of fluorotelomer alcohols; d: range of concentration (median) 
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 Classification of landfill leachate according to age and typical characteristics (Renou et al., 

2008) 

 

 Young Intermediate Mature 

Age (years) <5 5 – 10 >10 

pH-value 6.5 6.5 – 7.5 >7.5 

CODa (g/L) >10 4 – 10 <4 

BODb
5/COD >0.3 0.1 – 0.3 <0.1 

Organic composition 80% volatile fatty 

acids  

5 – 30% volatile fatty acids + humic 

and fulvic acids 

humic and fulvic acids 

     aCOD: chemical oxygen demand; bBOD5:5-day biochemical oxygen demand 
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Appendix B  Supplemental Information on Aerobic Biotransformation of Fluorotelomer Compounds in Landfill Leachate-

Sediment System (Chapter 3) 

 Standards of poly- and perfluoroalkyl substances (PFASs)  

Analyte Acronym Formula 
Chemical Structure Accurate 

Mass 
CAS Source 

2-Perfluorohexyl ethanol 6:2 FTOH 
C6F13CH2CH2O

H 

 

364.1 647-42-7 

Wellington Laboratories, Canada 

2-Perfluorooctyl ethanol 8:2 FTOH 
C8F17CH2CH2O

H 
 

464.1 678-39-7 

Wellington Laboratories, Canada 

1-Perfluoroheptyl ethanol  7:2 sFTOH 
C7F15CH(OH)C

H3 
 

414.1 24015-83-7 

Wellington Laboratories, Canada 

1-Perfluoropentyl ethanol 5:2 sFTOH 
C5F11CH(OH)C

H3 

 

314.1 914637-05-1 

Wellington Laboratories, Canada 

Perfluoro-n-butanoic acid PFBA C3F7COOH 

 

214.03 377-22-4 

Wellington Laboratories, Canada 

Perfluoro-n-pentanoic acid PFPeA C4F9COOH 

 

264.04 2706-90-3 

Wellington Laboratories, Canada 

Perfluoro-n-hexanoic acid PFHxA C5F11COOH 

 

314.05 307-24-4 

Wellington Laboratories, Canada 
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Analyte Acronym Formula 
Chemical Structure Accurate 

Mass 
CAS Source 

Perfluoro-n-heptanoic acid PFHpA C6F13COOH 

 

364.06 375-85-9 

Wellington Laboratories, Canada 

Perfluoro-n-octanoic acid PFOA C7F15COOH 

 

414.07 335-67-1 

Wellington Laboratories, Canada 

Perfluoro-n-nonanoic acid PFNA C8F17COOH 

 

464.07 375-95-1 

Wellington Laboratories, Canada 

2H-Perfluoro-2-octenoic acid  6:2 FTUCA C8H2F12O2 

 

358.08 70887-88-6 Wellington Laboratories, Canada 

2H-Perfluoro-2-decenoic acid 8:2 FTUCA C10H2F16O2 

 

458.09 70887-84-2 Wellington Laboratories, Canada 

2-Perfluorohexyl ethanoic acid 6:2 FTCA C8H3F13O2 

 

378.08 53826-12-3 Wellington Laboratories, Canada 

2-Perfluorooctyl ethanoic acid 8:2 FTCA C10H3F17O2 

 

478.1 27854-31-5 Wellington Laboratories, Canada 

3-Perfluoropentyl propanoic acid  5:3 FTCA C8H5F11O2 

 

342.1 914637-49-3 Wellington Laboratories, Canada 

3-Perfluoroheptyl propanoic acid 7:3 FTCA C10H5F15O2 

 

442.1 812-70-4 Wellington Laboratories, Canada 
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Analyte Acronym Formula 
Chemical Structure Accurate 

Mass 
CAS Source 

Sodium 1H,1H,2H,2H-perfluorooctane 
sulfonate 

Na salt of 6:2 FTS C8H4F13SO3Na 

C C C C C C CH2 CH2F

F

F

F F

F

F

F F

F F

FF

S
O

O
O

Na  

450.1 27619-97-2 

Synquest Laboratories, Florida, 

USA,  

Wellington Laboratories, Canada 

Sodium 1H,1H,2H,2H-perfluoro-1-[1,2-
13C2]- octane sulfonate (6:2) 

(M+2) 6:2 FTS - 

C C C C C C CH2 CH2F

F

F

F F

F

F

F F

F F

FF

S
O

O
O

Na

13 13

 

452.1 N/A 

Wellington Laboratories, Canada 

2H-Perfluoro-[1,2-13C2]-2-decenoic acid 
(M+2) 8:2 

FTUCA 
- C C C C C C CF

F

F

F

F F

F F

F F

F

F

F F

F

C

CH
13

C
13

F

OH

O

(M+2)_8:2 FTUCA

 

460.09 N/A 

Wellington Laboratories, Canada 

2-Perfluorooctyl-[1,1-2H2]-[1,2-13C2]-
ethanol 

(M+4) 8:2 FTOH - C C C C C C C C C
13

C
13

F

F

F F

F

F

F

F

F

F

F F

F

F

F

F

F

H

H

D

OH

D

8:2 FTOH(M+4)

 

468.1 N/A 

Wellington Laboratories, Canada 

Perfluoro-n-[2,3,4-13C3] butanoic acid (M+3) PFBA - C
13

F

F

C
13

C
13

C

F

F

F

F O

OH

F

(M+3)PFBA

 

218 N/A 

Wellington Laboratories, Canada 

Perfluoro-n-[1,2,3,4,6-13C5] hexanoic acid (M+5) PFHxA - C
13

C C
13

F

F

F

F

F

F

C
13

C
13

C
13

F

F

F

F O

OHF

(M+5) PFHxA

 

319 N/A Wellington Laboratories, Canada 

Perfluoro-n-[13C8] octanoic acid (M+8) PFOA - 

C
13

C C
13

F

F

F

F

F

F

C
13

C
13

C
13

F

F

F

F O

OHF

(M+5) PFHxA

C
13

C
13

C
13

C
13

C
13

F

F

F

F F

F F

F

F

F

C
13

C
13

C
13

F

F

F

F O

OHF

PFOA(M+8)

 

422 N/A Wellington Laboratories, Canada 
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Figure B.1 Microcosm bottles containing landfill leachate and sediment 

 

 

 Organic and inorganic contents analysis 

The ammonia, nitrate and nitrite were analyzed by a QuickChem® (Lachat Instrumets, WI, USA) 

automated ion analyzer. A Shimadzu total organic carbon (TOC) analyzer (TOC-LCSH/CPN) was 

used for TOC analysis of the dissolved phase of the microcosms. Anions were analyzed by a 

Dionex™ (ICS-900) ion chromatography (IC) (Dionex Inc., Sunnyvale, CA, USA) system. Anions 

in IC were separated using an IonPac™ AS4A-SC (4 mm × 250 mm) analytical column and 

IonPac™ AG4A-SC guard column. The mobile phase consisted of 3.5 mM sodium carbonate and 

1.0 mM sodium bicarbonate (flow rate of 1.2 mL/min). A total of 24 metals were analyzed using 

an inductively coupled plasma spectrometer (ICP), with a detection limit of 0.5 mg/L. The metals 

included Aluminum (Al), Arsenic (As), Boron (B), Barium (Ba), Beryllium (Be), Calcium (Ca), 

Cadmium (Cd), Cobalt (Co), Copper (Cu), Chromium (Cr), Iron (Fe), Magnesium (Mg), 

Manganese (Mn), Molybdenum (Mo), Nickel (Ni), Phosphorus (P), Silver (Ag), Antimony (Sb), 

Selenium (Se), Silicon (Si), Tin (Ti), Thallium (Tl), Vanadium (V), Zinc (Zn). 
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 List of chemicals used for mineral media preparation  

Chemicals  Supplier Purity 

Potassium phosphate, Monobasic (KH2PO4) Millipore Sigma, Canada ≥ 99% 

Sodium phosphate dibasic dihydrate 

(Na2HPO4·2H2O) 

Fisher chemical, USA ≥ 98% 

Ammonium chloride (NH4Cl) VWR Life Science  

≥99% 

 

Calcium chloride dihydrate (CaCl2·2H2O) Sigma-Aldrich, USA ≥99% 

Magnesium Sulfate Heptahydrate (MgSO4·7H2O) Fisher chemical, USA ≥98% 

Iron (III) chloride hexahydrate (FeCl3·6H2O) Millipore Sigma, Canada ≥98% 
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 Instrumental method parameters for analysis of PFCAs and Fluorotelomer acids by LC-

MS/MS  

Instruments Agilent Technologies 1200 liquid chromatography 6410 Triple Quad mass spectrometer. 

Operated in the negative ion multiple reaction monitoring mode. 

Analytical Column Waters Xterra C18MS analytical column, 100 mm length, 2.1 mm ID, 3.5 μm particle size;  

Guard Column Waters Xterra C18MS analytical column, 30 mm length, 2.1 mm ID, 3.5 μm particle size 

LC conditions Column temperature (oC): 50 

Maximum Pressure (bar): 345 

Flow rate (mL/min): 0.7 

Mobile Phases A: 10 mM Ammonium acetate and 10 mM acetic acid in water 

B: Acetonitrile 

Gradient Profile Time (min) A (%) B (%) 

0 80 20 

6 40 60 

7 10 90 

8 10 90 

9 80 20 

12 80 20 
 

MS conditions Source temperature (oC): 120 

Desolvation temperature (oC): 325 

Capillary voltage (kV): 3.5 

Injection Volume: 4 μL 

Monitored Ion 

Transitions 

Analytes Fragmentor voltage 

(V) 

Collision 

energy (eV) 

Parent to product 

ion transition 

PFBA 28 0 213.0 -> 169.0 

PFPeA 20 0 263.0 -> 219.0 

PFHxA 30 0 313.0 -> 269.0 

PFHpA 30 0 363.0 -> 319.0 

PFOA 56 2 413.0 -> 369.0 

PFNA 30 2 463.0 -> 419.0 

5_3 FTCA 70 2 341.0 -> 237.0 

7_3 FTCA 70 2 377.0 -> 293.0 

6_2 FTUCA 70 2 357.0 -> 293.0 

8_2 FTUCA 70 2 457.0 -> 393.0 

6_2 FTS 130 2 427.0 -> 407.0 

M3FPBA 28 0 216.0-> 172.0 



150 

 

M2_6:2 FTS 130 2 429.0 -> 409.0 

M5PFHxA 30 0 318.0 -> 273.0 

M2_8:2 FTUCA 75 18 459.0 -> 394.0 

M8PFOA 56 2 413.0 -> 369.0 
 

Calibrations  The target compounds were quantified using a 7-point calibration in the working concentration 

range (2 to 500 ng/mL) with 13C3 PFBA and 13C5 PFHxA as injection internal standards. The 

recoveries of labelled-surrogate compound were used to correct recovery values for all target 

compounds. The limits of detection (LODs) and limits of quantification (LOQs) (Table B6) 

were calculated using based on signal-to-noise ratios of 3 and 10, respectively, determined at 

the lowest method calibration limit (2 ng/mL). 

 

 Instrumental method parameters for analysis of FTOHs by GC-MS  

 

  

Instrument: Agilent 7890B gas chromatograph interfaced 5977B mass spectrometer operated 

in the chemical ionization mode 

Analytical Column: Agilent CP-Sil 8 CB (30 m, 0.25 mm, 0.25 µm, 7-inch cage) 

Injection Volume: 1 μL 

Monitored Ion Transitions: Analytes Ion Transitions (m/z) 

7:2s FTOH 415 > 377 

5:2s FTOH 315>277 

8:2 FTOH 465 > 427 

6:2 FTOH 365>327 

[M+4] 8:2 FTOH 469 > 431 
 

GC Parameters: GC system inlet temperature: 250°C 

Column temperature: held at 60°C for 1 min, and then ramped up at 3°C/min to 

75°C, then at 20°C/min to 185°C with ballistic heating to a final temperature of 

260°C, which was held for 6 min 

Mode: Pulsed spitless 

MS Parameters: MS source temperature: 300 ◦C 

Quadrupoles temperature: 150 ◦C 

Calibration  Quantitation was achieved with a 6-point linear regressed calibration curve 

spanning 5 to 500 ng/ml. 
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 Detection limits of target analytes in injection solvent (80:20/Water:Acetonitrile,v/v) 

Analytes Internal Standard  Surrogate 

Standard 

Limit of 

detection 

(LOD)a (µg/L) 

Limit of Quantification 

(LOQ)b 

(µg/L)  

6:2 FTOH M4_8:2 FTOH N/AC 1.4 4.8 

8:2 FTOH M4_8:2 FTOH N/A 1.0 3.2 

7:2 sFTOH M4_8:2 FTOH N/A 0.5 1.7 

5:2 sFTOH M4_8:2 FTOH N/A 0.8 2.6 

PFBA M3PFBA M8PFOA 1.0 2.9 

PFPeA M3PFBA M8PFOA 0.9 2.6 

PFHxA M5PFHxA M8PFOA 0.3 1.0 

PFHpA M5PFHxA M8PFOA 0.2 0.6 

PFOA M5PFHxA M8PFOA 0.2 0.5 

PFNA M5PFHxA M2_8:2 FTUCA 0.3 1 

6:2 FTUCA M5PFHxA M2_8:2 FTUCA 0.3 1.0 

8:2 FTUCA M5PFHxA M2_8:2 FTUCA 0.9 2.6 

6:2 FTCA M5PFHxA M2_8:2 FTUCA 1 3 

8:2 FTCA M5PFHxA M2_8:2 FTUCA 0.6 1.8 

5:3 FTCA M5PFHxA M2_8:2 FTUCA 0.3 1.0 

7:3 FTCA M5PFHxA M2_8:2 FTUCA 0.1 0.3 

6:2 FTS M5PFHxA M2FTS 0.5 1.5 

(M+2) 6:2 FTS M5PFHxA N/A 0.7 2.2 

(M+2) 8:2 FTUCA N/A N/A 0.2 0.6 

(M+4) 8:2 FTOH N/A N/A 1.1 3.6 

(M+3) PFBA N/A N/A 0.02 0.07 

 (M+5) PFHxA N/A N/A 0.01 0.03 

(M+8) PFOA N/A N/A 0.1 0.3 
asignal to noise ratio of 3 determined at lowest calibration; bcalculated as 3×LOD; CN//A: not applicable 
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Figure B.2 Evolution of 7:3 FTUCA (m/z: 439>369) over time (days) in 8:2 FTOH spiked live 

samples. Due to lack of authentic standard, concentrations of 7:3 FTUCA has been approximated 

by the area counts of mass spectrometry peak of sediment-leachate extracts. 

 

 

 

Figure B.3 Plots showing variation natural logarithm of the remaining parent compound 

concentrations for a) 8:2 FTOH and b) 6:2 FTS. the trend lines were used for estimating the 

pseudo-first order kinetics and half-lives of 8:2 FTOH and 6:2 FTS in landfill leachate-sediment. 
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 Physical and chemical monitoring data for live-control microcosms (plotted in Figure 

3.1) 

 

 Sampling Day 0 1 3 7 14 30 45 60 90 

pH  

Replicate 1 8.0 7.9 7.2 7.2 7.1 6.9 7.0 7.1 7.0 

Replicate 2 7.9 7.8 7.1 7.1 7.1 7.0 7.0 7.7 7.1 

Average 8.0 7.9 7.2 7.1 7.1 7.0 7.0 7.4 7.1 

Error 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.3 0.0 

TOC (mg/L) 

Replicate 1 205.9 195.7 190.5 131.3 157.9 147.7 169.3 137.5 138.0 

Replicate 2 203.8 201.5 163.1 215.6 175.4 179.5 139.0 170.1 128.5 

Average 204.9 198.6 176.8 173.5 166.7 163.6 154.2 153.8 133.3 

Error 1.1 2.9 13.7 42.2 8.8 15.9 15.2 16.3 4.8 

Ammonia (mg/L) 

Replicate 1 57.1 50.6 29.9 21.9 22.9 10.3 0.0 0.0 0.0 

Replicate 2 62.4 50.4 26.5 20.7 10.8 0.0 0.0 0.0 0.0 

Average 59.7 50.5 28.2 21.3 16.9 5.2 0.0 0.0 0.0 

Error 2.7 0.1 1.7 0.6 6.0 5.2 0.0 0.0 0.0 

Nitrate (mg/L) 

Replicate 1 3.1 3.1 22.6 44.2 55.6 57.2 60.4 65.4 64.6 

Replicate 2 3.3 2.9 27.0 44.4 52.8 62.0 59.6 47.6 67.8 

Average 3.2 3.0 24.8 44.3 54.2 59.6 60.0 56.5 66.2 

Error 0.1 0.1 2.2 0.1 1.4 2.4 0.4 8.9 1.6 

Headspace oxygen (%) 

Replicate 1 16.5 16.4 16.2 14.9 12.1 5.4/16.4a 14.0 11.1 5.2 

Replicate 2 16.5 16.5 16.1 14.9 12.3 7.4/16.4a 11.0 10.2 6.0 

Average 16.5 16.5 16.2 14.9 12.2 6.4/16.4a 12.5 10.7 5.6 

Error 0.0 0.1 0.0 0.0 0.1 1 1.5 0.4 0.4 
aheadspace oxygen content following reaeration 
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 Concentration (nmol/L) of biotransformation products of 8:2 FTOH in live-spiked 

microcosms (plotted in Figure 3.3) 

 Sampling Day 0 1 3 7 14 30 45 60 90 

PFHxA 

Replicate 1 1.8 1.7 2.2 3.6 2.4 2.1 2.3 4.4 3.1 

Replicate 2 1.4 2.7 1.9 3.6 1.7 2.2 2.3 1.5 2.5 

Average  1.6 2.2 2.0 3.6 2.0 2.2 2.3 2.9 2.8 

absolute error 0.2 0.5 0.2 0.0 0.3 0.1 0.0 1.5 0.3 

PFHpA 

Replicate 1 2.7 1.0 1.5 2.4 4.8 2.0 1.8 4.5 2.7 

Replicate 2 0.7 1.6 1.1 2.4 1.1 1.7 2.2 1.1 3.2 

Average  1.7 1.3 1.3 2.4 2.9 1.8 2.0 2.8 3.0 

absolute error 1.0 0.3 0.2 0.0 1.9 0.1 0.2 1.7 0.3 

PFOA 

Replicate 1 8.5 3.0 5.3 10.7 13.9 12.3 8.2 18.8 14.9 

Replicate 2 2.5 4.1 5.3 10.7 6.7 11.2 13.8 11.4 14.8 

Average  5.5 3.6 5.3 10.7 10.3 11.8 11.0 15.1 14.8 

absolute error 3.0 0.6 0.0 0.0 3.6 0.6 2.8 3.7 0.1 

8:2 FTUCA 

Replicate 1 2.0 0.1 0.4 0.8 1.0 1.2 1.4 10.6 6.0 

Replicate 2 0.1 0.2 0.5 0.8 0.3 1.8 1.2 3.8 5.5 

Average  1.1 0.2 0.5 0.8 0.7 1.5 1.3 7.2 5.7 

absolute error 1.0 0.0 0.1 0.0 0.4 0.3 0.1 3.4 0.3 

7:3 FTCA 

Replicate 1 0.7 0.9 0.8 0.6 0.9 1.6 1.9 2.6 6.5 

Replicate 2 0.7 1.0 1.1 0.6 1.0 2.7 1.1 1.5 8.2 

Average  0.7 0.9 0.9 0.6 0.9 2.1 1.5 2.1 7.4 

absolute error 0.0 0.0 0.1 0.0 0.0 0.5 0.4 0.6 0.9 

7:2 sFTOH 

Replicate 1 0.0 0.7 0.0 0.0 0.0 0.0 1.0 0.5 0.0 

Replicate 2 0.0 0.4 0.0 0.0 0.0 0.0 0.3 0.8 0.0 

Average  0.0 0.5 0.0 0.0 0.0 0.0 0.7 0.6 0.0 

absolute error 0.0 0.1 0.0 0.0 0.0 0.0 0.4 0.1 0.0 

7:3 FTUCA 

(tentative area count) 

Replicate 1 20.2 13.4 25.2 20.0 31.9 89.0 100.6 68.1 0.0 

Replicate 2 0.0 20.2 20.2 20.0 27.2 139.6 69.0 8.4 0.0 

Average  10.1 16.8 22.7 20.0 29.6 114.3 84.8 38.2 0.0 

absolute error 10.1 3.4 2.5 0.0 2.4 25.3 15.8 29.8 0.0 
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 Concentrations (nmol/L) of 8:2 FTOH in the live-spiked microcosms (plotted in Figure 

3.4) 

 Sampling day 0 1 3 7 14 30 45 60 90 

Solids extract 

Replicate 1 508.0 481.2 372.4 423.7 336.4 312.9 140.1 228.0 208.7 

Replicate 2 533.6 471.1 286.9 423.7 364.3 313.7 208.6 250.1 228.4 

Average 520.8 476.1 329.7 423.7 350.3 313.3 174.3 239.1 218.5 

Absolute error 12.8 5.1 42.7 0.0 14.0 0.4 34.3 11.0 9.8 

Headspace 

Replicate 1 0.0 79.6 66.8 92.3 109.8 92.4 122.5 129.0 150.0 

Replicate 2 0.0 70.2 107.5 95.7 109.6 90.7 108.6 117.7 105.6 

Average 0.0 74.9 87.1 94.0 109.7 91.5 115.5 123.3 127.8 

Absolute error 0.0 4.7 20.4 1.7 0.1 0.8 7.0 5.7 22.2 

Total 8:2 FTOH 

Replicate 1 508.0 560.8 439.2 516.0 446.1 405.2 262.6 357.1 358.8 

Replicate 2 533.6 541.3 394.4 519.4 473.9 404.4 317.2 367.8 334.0 

Average 520.8 551.1 416.8 517.7 460.0 404.8 289.9 362.4 346.4 

Absolute error 12.8 9.8 22.4 1.7 13.9 0.4 27.3 5.4 12.4 

 

 Concentrations (nmol/L) of 8:2 FTOH in the sterile-spiked microcosms (plotted in Figure 

3.4) 

 Sampling day 0 1 3 7 14 45 60 90 

Solids extract 

Replicate 1 439.5 303.0 366.5 382.9 247.5 261.8 267.7 303.7 

Replicate 2 439.5 372.7 339.5 321.4 267.3 391.0 316.6 303.7 

Average 439.5 337.8 353.0 352.2 257.4 326.4 292.1 303.7 

Absolute error 0.0 34.8 13.5 30.7 9.9 64.6 24.5 0.0 

Headspace 

Replicate 1 0.0 58.2 79.5 71.1 71.9 129.3 106.3 98.1 

Replicate 2 0.0 78.7 63.5 72.0 128.3 93.2 107.8 106.6 

Average 0.0 68.4 71.5 71.6 100.1 111.2 107.0 102.4 

Absolute error 0.0 2.0 1.5 0.1 5.4 3.5 0.1 0.8 

Total 8:2 FTOH 

Replicate 1 439.5 361.2 446.1 454.1 319.4 391.1 374.0 401.8 

Replicate 2 439.5 451.4 403.0 393.4 395.5 484.2 424.4 410.3 

Average 439.5 406.3 424.6 423.7 357.5 437.7 399.2 406.0 

Absolute error 0.0 45.1 21.5 30.3 38.1 46.6 25.2 4.2 
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 Concentration (nmol/L) of PFASs in live control microcosms (plotted in Figure 3.2) 

 Sampling day 0 14 60 90 

PFBA 

Replicate 1 0.0 0.0 0.0 0.0 

Replicate 2 0.0 0.0 0.0 0.0 

Average  0.0 0.0 0.0 0.0 

Error 0.0 0.0 0.0 0.0 

PFPeA 

Replicate 1 1.2 2.2 1.4 1.2 

Replicate 2 1.6 2.9 1.1 1.0 

Average  1.4 2.5 1.3 1.1 

Error 0.2 0.4 0.1 0.1 

PFHxA 

Replicate 1 1.7 2.2 2.0 1.3 

Replicate 2 1.6 2.0 1.9 1.4 

Average  1.6 2.1 1.9 1.3 

Error 0.1 0.1 0.0 0.0 

PFHpA 

Replicate 1 0.9 1.4 1.2 0.5 

Replicate 2 1.1 1.6 1.0 1.0 

Average  1.0 1.5 1.1 0.7 

Error 0.1 0.1 0.1 0.2 

PFOA 

Replicate 1 2.1 1.3 2.2 1.7 

Replicate 2 1.9 1.5 2.1 3.2 

Average  2.0 1.4 2.2 2.4 

Error 0.1 0.1 0.0 0.8 

5:3 FTCA 

Replicate 1 0.4 0.3 1.1 0.3 

Replicate 2 0.5 0.3 0.0 0.3 

Average  0.4 0.3 0.6 0.3 

Error 0.1 0.0 0.6 0.0 

7:3 FTCA 

Replicate 1 0.7 0.5 0.7 1.6 

Replicate 2 0.9 0.7 0.5 0.3 

Average  0.8 0.6 0.6 0.9 

Error 0.1 0.1 0.1 0.6 
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Appendix C  Supplemental Information on Effect of Leachate Addition on 6:2 FTS 

Biotransformation (Chapter 4) 

 Standards of Perfluorocarboxylic acids (PFCAs) and 6:2 FTS and their suppliers 

Analyte Acronym 
Chemical 

Formula 

Accurate 

Mass 
CAS Source 

Perfluoro-n-butanoic acid PFBA C3F7COOH 213 
377-22-

4 

Wellington 

Laboratories, Canada 

Perfluoro-n-pentanoic acid PFPeA C4F9COOH 263.9 
2706-

90-3 

Wellington 

Laboratories, Canada 

Perfluoro-n-hexanoic acid PFHxA C5F11COOH 318.2 
307-24-

4 

Wellington 

Laboratories, Canada 

Perfluoro-n-heptanoic acid PFHpA C6F13COOH 363.9 
375-85-

9 

Wellington 

Laboratories, Canada 

Perfluoro-n-octanoic acid PFOA C7F15COOH 418.2 
335-67-

1 

Wellington 

Laboratories, Canada 

Sodium 1H,1H,2H,2H-

perfluorooctane sulfonate 

(6:2) 

6:2 FTS C8H4F13SO3Na 450.1 
27619-

97-2 

Synquest 

Laboratories, Florida, 

USA 

Sodium 1H,1H,2H,2H-

perfluoro-1-[1,2-13C2]- 

octane sulfonate (6:2) 

M2_6:2 

FTS 
-   

Wellington 

Laboratories, Canada 

Perfluoro-n-[2,3,4-13C 

]butanoic acid 
M3PFBA -   

Wellington 

Laboratories, Canada 

Perfluoro-n-[1-13C 

5]hexanoic acid 
MPFHxA -   

Wellington 

Laboratories, Canada 

Perfluoro-n-[13C 

8]octanoic acid 
M8PFOA -   

Wellington 

Laboratories, Canada 
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 Extraction and Clean-up of PFASs from Microcosm Extracts  

Extraction of perfluoroalkyl carboxylic acids (PFCAs) 

For extraction of the 6:2 FTS biotransformation products, 5 ml sample was added with 50 ng of 

MPFHxA as surrogate standard. The sample was vortex mixed and allowed to rest for 1 hour. 

After adding 5 mL 50% (v/v) acetonitrile and methanol, the samples were placed on horizontal 

shaker (180 rpm) at 40°C for 1 day, and then centrifuged at 5000 rpm for 10 min to collect the 

supernatants. For the second extraction, 4.5 mL acetonitrile and 0.5 mL of 250 mM NaOH were 

added to the samples. The samples were again shaken at 40°C overnight, centrifuged at 5000 rpm 

for 10 min and the extracts were collected. The first and second extracts were mixed together, 

diluted to ~40 mL using D and the pH was adjusted to 6.5±0.5. The diluted extract was cleaned up 

by solid-phase extraction (SPE) using Oasis WAX® following a modified method (USEPA 2011). 

Each cartridge was first conditioned with 0.3% NH4OH in methanol, followed by 0.1 M formic 

acid in reagent water. Then, the cartridge was equilibrated with deionized water. After loading the 

sample drop-wise onto the cartridge (~5 mL/min), the cartridge was washed with 20% MeOH in 

80% 0.1 M formic acid in reagent water, followed by 0.3% (v/v) NH4OH in reagent water. The 

cartridge was then dried by subjecting to vacuum for 5 min. Finally, the cartridge was eluted into 

a 15-mL clean glass centrifuge tube with 4 mL 0.3% NH4OH (v/v) in MeOH. The cleaned-up 

extract was dried near completeness under a gentle nitrogen stream and reconstituted with 500 µL 

of injection solvent (95% aqueous methanol). The reconstituted extract was spiked with internal 

standard (30 ng of M3PFBA and M8PFOA) prior to instrumental analysis using LC-MS/MS.  

Extraction of 6:2 Fluorotelomer sulfonate (6:2 FTS) 

To quantify 6:2 FTS, 0.5 mL of sample was added with 150 ng of M2_6:2FTS as surrogate 

standard, vortex mixed and allowed to sit for one hour. Two cycles of extraction were performed 

using 2.5 mL of methanol and overnight shaking for 18 hours in each cycle. The liquid extracts 

were collected following centrifugation at 5000 rpm for 5 min and filtered through 0.45 µm PVDF 

syringe filter. 0.5 mL of the filtered extract was aliquoted in LC vial, added with internal standard 

(30 ng of M8PFOA) and analyzed using LC-MS/MS. 
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 Instrumental method parameters for analysis of PFCAs and 6:2 FTS by LC-MS/MS 

Instruments Agilent Technologies 1200 HPLC 6430 Triple Quad mass spectrometer. 

Analytical Column Waters Xterra C18MS analytical column, 100 mm length, 2.1 mm ID, 3.5 μm particle size;  

Guard Column Waters Xterra C18MS analytical column, 30 mm length, 2.1 mm ID, 3.5 μm particle size 

LC conditions Column temperature (oC): 50 

Maximum Pressure (bar): 400 

Mobile Phases A: Type 1 water with 5 mM ammonium acetate 

B: 95% aqueous methanol with 5 mM ammonium acetate 

 

Gradient Profile Time (min) A (%) B (%) Flow Rate (ml/min) 

0 85 15 0.5 

0.3 85 15 0.5 

2 50 50 0.6 

3 35 65 0.6 

5 30 70 0.6 

5.10 0 100 0.6 

5.60 0 100 0.6 

5.70 85 15 0.5 

6.70 85 15 0.5 
 

MS conditions Gas Temperature (oC): 350°C 

Gas Flow: 9 l/min 

Nebuliser Pressure: 40 psi 

Acquisition mode: Negative ion MRM 

Capillary voltage (V): 1000 

Injection Volume: 6 μL 

Monitored Ion 

Transitions 
Analytes Parent to product ion 

transition 

Fragmentor 

voltage (V) 

Collision energy 

(eV) 

Cell 

Acceleration 

Voltage (V) 

PFBA 213.0 -> 169.0 68 4 2 

PFPeA 263.0 -> 219.0 52 4 2 

PFHxA 

 

313.0 -> 269.0 

313.0 -> 119.0 

(Qualifier) 

62 

62 

4 

20 

2 

2 

PFHpA 

 

363.0 -> 319.0 

363.0 -> 169.0 

(Qualifier) 

66 

66 

4 

16 

2 

2 

PFOA 

 

413.0 -> 369.0 

413.0 -> 169.0 

(Qualifier) 

72 

72 

4 

16 

2 

2 

6_2 FTS 

 

427.0 -> 407.0 

427.0 -> 81.0 

(Qualifier) 

90 

90 

22 

50 

2 

2 

M3FPBA 216.0-> 172.0 64 8 2 

M2_6:2 FTS 

 

429.0 -> 409.0 

429.0 -> 81 

(Qualifier) 

38 

38 

24 

40 

2 

2 

M5PFHxA 315.0 -> 270.0 62 4 2 
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M8PFOA 

 

421.0 -> 376.0 

421.0 -> 172.0 

(Qualifier) 

70 

70 

8 

16 

4 

4 
 

Calibrations  The target compounds were quantified using a 6-point calibration in the working concentration 

range (2 to 500 ng/mL) with 13C3 PFBA (M3PFBA) and 13C8 PFOA (M8PFOA) as injection 

internal standards. The recovery of labelled-surrogate compounds were used to correct recovery 

values for all target compounds. The limits of detection (LODs) and limits of quantification 

(LOQs) (Table S6) were calculated using based on signal-to-noise ratios of 3 and 10, 

respectively, determined at the lowest method calibration limit (2 ng/mL). 

 

 

 

 

 Detection limits (ng/mL) of target analytes in injection solvent (95% aqueous methanol) 

Analytes Internal 

Standard 

(ISTD) 

Surrogate Standard Limit of detection 

(LOD)a 

(µg/L) 

Limit of 

Quantification 

(LOQ)b (µg/L) 

PFBA M3PFBA MPFHxA 1.0 2.9 

PFPeA M3PFBA MPFHxA 0.9 2.6 

PFHxA M8PFOA MPFHxA 0.3 1.0 

PFHpA M8PFOA MPFHxA 0.2 0.6 

PFOA M8PFOA MPFHxA 0.2 0.5 

6:2 FTS M8PFOA M2_6:2 FTS 0.5 1.4 

M2_ 6:2 FTS M8PFOA - 0.7 2.2 

M3PFBA - - 0.0 0.1 

MPFHxA M8PFOA - 0.0 0.0 

M8PFOA - - 0.1 0.3 
asignal to noise ratio of 3 determined at lowest calibration; bcalculated as 3×LOD  
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Figure C.1 Relative abundance of microbial community structures at the phylum level in a) 6:2 

FTS spiked and b) control microcosms. Lower abundance (<1%) taxa are summed and 

represented as “Others”. Duplicates were analyzed for 0 and 14 d samples. The absolute 

difference of relative abundances of duplicates samples ranged between 1 to 9%. 
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 Two-way ANOVA comparing Shannon indices of live-spiked microcosms on various 

sampling days under various treatment conditions  

Live-spiked microcosms     

       

 Day 0 Day 7 Day 14 Day 30 Day 60  

DI water 4.5 5.1 5.4 6.3 6.5  
Diluted leachate 4.5 5.3 5.4 6.0 6.5  
Leachate 4.8 5.3 5.5 5.9 6.3  

       
Anova: Two-Factor Without Replication    

       
SUMMARY Count Sum Average Variance   

DI water 5 27.7 5.5 0.7   
Diluted leachate 5 27.7 5.5 0.6   
Leachate 5 27.7 5.5 0.3   

       
Day 0 3 13.8 4.6 0.0   
Day 7 3 15.7 5.2 0.0   
Day 14 3 16.3 5.4 0.0   
Day 30 3 18.1 6.0 0.0   
Day 60 3 19.3 6.4 0.0   

       

       
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Rows 3.41E-05 2 1.70614E-05 0.000697 0.999303 4.458970108 

Columns 5.956619 4 1.489154667 60.85938 4.99E-06 3.837853355 

Error 0.19575 8 0.024468778    

       
Total 6.152403 14         
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 Two-way ANOVA comparing Shannon indices of live-control microcosms on various 

sampling days under various treatment conditions  

 

Live-control microcosms     

       

 Day 0 Day 7 Day 14 Day 30 Day 60  

DI water 4.5 5.2 6.0 6.0 6.6  
Diluted leachate 4.5 5.3 5.3 5.8 6.5  
Leachate 4.8 5.2 5.0 5.8 6.3  

       
Anova: Two-Factor Without Replication    

       

SUMMARY Count Sum Average Variance   
DI water 5 28.3 5.7 0.6   
Diluted leachate 5 27.5 5.5 0.5   
Leachate 5 27.0 5.4 0.4   

       
Day 0 3 13.8 4.6 0.0   
Day 7 3 15.6 5.2 0.0   
Day 14 3 16.3 5.4 0.3   
Day 30 3 17.6 5.9 0.0   
Day 60 3 19.4 6.5 0.0   

       

       
ANOVA       

Source of 

Variation SS df MS F P-value F crit 

Rows 0.1652 2 0.0826 1.2249 0.3435 4.4590 

Columns 5.7721 4 1.4430 21.4040 0.0002 3.8379 

Error 0.5393 8 0.0674    

       
Total 6.4766 14         
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Appendix D  Supplemental Information on Role of Microbial Communities in Formation 

of Perfluorocarboxylic Acids from 6:2 Fluorotelomer Sulfonate (6:2 FTS) in Leachate 

(Chapter 5) 

 

 

Figure D.1 Microcosm setup a) in Wheaton glass bottles and b) bottom of the bottles with 

microbial growth 

 

 Relative abundances of Actinobacteria phyla under various experimental conditions after 

7 days 

 

 

Sample Relative abundance (%) 

Day 0 0.12 

Day 7 (Spiked) 

HET 0.21 

HET+AOB+NOB 18 

AOB+NOB 0.08 

NOB 0.14 

Day 7 (Control) 

HET 0.26 

HET+AOB+NOB 10 

AOB+NOB 0.08 

NOB 0.13 

 

 

a) b

) 



165 

 

 Known nitrifying bacteria identified through 16s RNA sequencing in 6:2 FTS 

biotransformation microcosms 

Phylum Class Order Family Genus 

Role in 

nitrification 

Reference 

Proteobacteria Betaproteobacteria Nitrosomonadales Nitrosomonadaceae Nitrosomonas AOB* 

Boch and 

Wagner, 

2006 

Proteobacteria Betaproteobacteria Nitrosomonadales Nitrosomonadaceae Nitrosovibrio AOB 

Boch and 

Wagner, 

2006 

Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 

NOB and 

possibly 

AOB 

(Comamox) 

Daims et 

al., 2016 

*AOB: ammonia-oxidizing bacteria; NOB: nitrite-oxidizing bacteria 

 

 Alpha diversity of microbial communities 

Richness 

Richness of a sample is the count of species, without taking into account the abundances of the 

species. However, a simple count of the number of species in a sample is usually an underestimate 

of the true number of species, because increasing the sampling effort (through counting more 

individuals, examining more sampling units, or sampling a larger area) increases the number of 

species observed (Gotelli and Chao, 2013). Therefore, asymptotic richness estimators are used for 

extrapolating species diversity to the (presumed) asymptote, beyond which additional sampling 

will not yield any new species. Most commonly used richness estimators are nonparametric 

(Colwell and Coddington, 1994), involving use of rare frequency counts to estimate the frequency 

of the missing species. Two of the most commonly used nonparametric richness estimators are: 

Chao1: Richness is estimated by the number of observed species (Sobs), added with a term that 

depends only on the observed number of singletons (a, species each represented by only a single 

individual) and doubletons (b, species each represented by exactly two individuals) (Colwell, 

2009). 

𝑆𝐶ℎ𝑎𝑜1 = 𝑆𝑜𝑏𝑠 + 
𝑎2

2𝑏
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Abundance-Based Coverage Estimators (ACE) richness: ACE estimator predicts the species 

richness based on the number of rarely occurring species. Usually, a frequency (k) of 10 or smaller 

is used as a cut-off for defining rate species.  

𝑆𝐴𝐶𝐸 = 𝑆𝑎𝑏𝑢𝑛 +
𝑠𝑟𝑎𝑟𝑒

�̂�𝑟𝑎𝑟𝑒

+
𝑓1

�̂�𝑟𝑎𝑟𝑒

𝛾𝑟𝑎𝑟𝑒
2  

 

 

where, Srare is the number of rare species (the OTUs with ≤ 10 sequences) and Sabun is the 

number of abundant species (the OTUs with > 10 sequences). �̂�𝑟𝑎𝑟𝑒 estimates the sample 

coverage and f1 is the number of species with single sequence. 𝛾𝑟𝑎𝑟𝑒
2  is the square of the estimated 

coefficient of variation of the species relative abundances (Gotelli and Chao, 2013). 

Diversity Index 

Diversity indices are mathematical functions that considers evenness, in addition to richness and 

combine them in a single measure. The most commonly used diversity indices are the Shannon 

and Simpson diversity indices. 

Simpson index: This is a numerical index indicating the probability that that two unrelated strains 

sampled from the microbial communities will be placed into different classified groups (Hunter 

and Gaston, 1988) 

𝐷 = 1 − ∑ 𝑝𝑖
2𝑠

𝑖=1
 or preferably, 𝐷′ = (∑ 𝑝𝑖

2𝑠

𝑖=1
)

−1
 

where, species i constitutes pi proportions of the total individuals in a community of S species, 

Shannon index: This is a measure of the difficulty to predict the next individual strain in 

the sampled microbial communities.  

𝐻 = − ∑ 𝑃𝑖 𝑙𝑛 𝜌𝑖

𝑠

𝑖=1

 𝑜𝑟, 𝑝𝑟𝑒𝑓𝑒𝑟𝑎𝑏𝑙𝑦, 𝑒𝐻 

where, species i constitutes pi proportions of the total individuals in a community of S species, 



167 

 

Both Shannon and Simpson diversities increase as richness increases, for a given pattern of 

evenness, and increase as evenness increases, for a given richness, their ranking of communities 

differ. Simpson diversity is less sensitive to richness and more sensitive to evenness than Shannon 

diversity, which, in turn, is more sensitive to evenness than richness (Colwell, 2009; Hill et al, 

2003). 

 Comparing the Shannon diversity index of two samples using Hutcheson t-test (Gardener 

2012). 

The Hutcheson t-test is a modified version of the classic t-test that can be used to compare diversity 

of two community samples using the Shannon diversity index (Hutcheson, 1970), that do not have 

replicates. The key formula that determines the variance of the Shannon index looks very similar 

to the classic t-test formula. 

 

where H represents the Shannon diversity index for each of the two samples (subscripted a and b) 

and SH is the variance of each of the samples, calculated as follows, 

 

Where, S is the species count, N is the total number of individuals (abundances), p is the proportion 

that each species makes towards the total. 

Assessing statistical significance  

In order to determine the critical value of the t for a certain significance level, the degrees of 

freedom are calculated as follows, 
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where, N is the total abundance for each sample. The final value is close to the total abundance for 

the two samples added together. 

Following determination of t and df, critical value can be determined from a t-distribution 

table. If the calculated t-value exceeds the critical value, then the null hypothesis is rejected 

(meaning Shannon diversity differs statistically for the two samples). It is expected that most 

microbial communities will have large degrees of freedom. Therefore, the critical value for t will 

approach 2. The critical value for t at infinity is 1.96. 

The standard deviation of the Shannon index (square root of the variance) and multiplying 

by a factor of 2 can be defined as the confidence interval (Gardener, 2012).  

 

 



169 

 

 Hutcheson t-test analysis for Shannon diversity index between 0 and 7 d samples under each treatment  

  day 7 day 7 

Sample day 0 HET_spiked 

AOB+NOB_spik

ed NOB_spiked 

HET+AOB+NO

B_spiked HET_control 

AOB+NOB_c

ontrol NOB_control 

HET+AOB+N

OB_control 

Total 

(abundance) 23289 16454 21826 26958 26307 23565 24233 20310 27287 

Richness 

(Species count) 1870 1192 1360 1626 1320 1474 1353 1471 1383 

H (Shannon 

Index) 4.94 4.58 4.41 4.59 4.10 4.57 4.22 4.65 4.39 

S2
H (variance) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CI (confidence 

interval) 0.029 0.032 0.029 0.026 0.027 0.028 0.028 0.029 0.025 

Test conditions  

Day 0 vs. HET 

spiked 

Day 0 vs. 

AOB+NOB 

spiked 

Day 0 vs. NOB 

spiked 

Day 0 vs. 

HET+AOB+NO

B spiked 

Day 0 vs. 

HET control 

Day 0 vs. 

AOB+NOB 

control 

Day 0 vs. 

NOB control 

Day 0 vs. 

HET+AOB+

NOB control 

t  16.58 25.91 18.19 42.28 18.51 35.75 14.09 29.24 

df   36994.16 45089.72 48757.06 48764.33 46663.31 47346.91 43352.16 47686.89 

Critical value  1.96 1.96 1.96 1.96 1.96 1.96 1.96 1.96 

p  1.7347E-61 6.2009E-147 1.055E-73 2.06E-73 3.47956E-76 3.3843E-276 5.55306E-45 2.9153E-186 

Test conditions  

HET control 

vs. HET spiked 

AOB+NOB 

control vs. 

AOB+NOB 

spiked 

NOB control vs. 

NOB spiked 

HET+AOB+NO

B control vs. 

HET+AOB+NO

B spiked     

t  0.54 9.47 3.34 15.52     

df  35942.62 45732.02 44459.31 52879.30     

Critical value  1.96 1.96 1.96 1.96     

p  5.91E-01 2.88E-21 8.35E-04 3.42E-54     

*The bold and italicized p values indicate null hypothesis is rejected (difference in Shannon diversity is statistically significant) 
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 One-way ANOVA for comparing % 6:2 FTS remaining after 10 days under various 

treatment conditions 

       

  HET HET+AOB+NOB AOB+NOB NOB   

Replicate 1 88.8 76.0 92.2 92.7   

Replicate 2 98.4 85.0 83.4 95.0   

Average 93.6 80.5 87.8 93.8   

       

Anova: Single Factor      

       

SUMMARY       

Groups Count Sum Average Variance   

HET 2 187.2126 93.60628 46.54864   

HET+AOB+NOB 2 160.9778 80.48888 40.67599   

AOB+NOB 2 175.6429 87.82144 38.41465   

NOB 2 187.6636 93.83179 2.68083   

       

       

ANOVA       
Source of 

Variation SS df MS F P-value F crit 

Between Groups 236.7526 3 78.91752 2.46002 0.20241 6.591382 

Within Groups 128.3201 4 32.08003    

       

Total 365.0727 7         
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 One-way ANOVA and Pairwise Comparison using Tucky test for total C4-C6 PFCA 

formation at day 10. 

 Sum of C4-C6 PFCAs at day 10 (nmol/L)   

  HET HET+AOB+NOB AOB+NOB NOB   

Replicate 1 7.6 18.5 11.1 7.2   

Replicate 2 7.3 26.9 7.5 6.1   

Mean 7.5 22.7 9.3 6.7   

Sample size (n) 2 2 2    

       

Anova: Single Factor      

       

SUMMARY       

Groups Count Sum Average Variance   

HET 2 14.9 7.5 0.0   

HET+AOB+NOB 2 45.4 22.7 35.6   

AOB+NOB 2 18.6 9.3 6.5   

NOB 2 13.3 6.7 0.7   

       
       

ANOVA       
Source of 

Variation SS df MS F P-value F crit 

Between Groups 339.3 3 113.1 10.5728541 0.022617 6.591382 

Within Groups 42.8 4 10.7    

       
Total 382.0761273 7         

 

Tucky test for Pairwise Comparison     

       

Tucky criterion      
 

        

       

       

       

       

       

       

For,       

α = 0.05       

𝑇 = 𝑞𝛼[𝑐(𝑛−𝑐)]√
𝑀𝑆𝐸

𝑛𝑖

 

q
α[c(n-c)] 

= studentized range distribution based on c and (n-c) degrees of freedom 

          c = no. of treatments 

          n = total sample size 

MSE = Mean square error (from ANOVA table) 
n

i
 = sample size of treatment group 
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qα[c(n-c)] =   5.757       

ni = 2       

MSE = 10.6969       

       

T = 13.314       

       

Pair 

Absolute difference 

between means 

Criterion 

(T) 

significant at 

0.05    

HET to AOB+NOB 1.9 13.314 No    

AOB+NOB to NOB 2.7 13.314 No    

NOB to HET+AOB+NOB 16.0 13.314 Yes    

HET to NOB 0.8 13.314 No    

HET to HET+AOB+NOB 15.2 13.314 Yes    

AOB+NOB to HET+AOB+NOB 2.7 13.314 No     
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 Comparison of experimental conditions, and major outcomes of previous and current 6:2 FTS biotransformation studies under 

aerobic conditions 

 

a: The coefficient of determination (R2) varied between 0.8 – 0.5 for 7 data points. bN/A: not available 

 

Degradation media  Duration 

(day) 

Spiking 

concentration 

Stable products (yield in mol%) Half-life (day) Reference 

Landfill leachate and 

sediment 

60 ~1.5 µmol/L PFBA (1 – 2%), PFPeA (5 – 7%), PFHxA (5%) 90 – 110a 

 

Chapter 4 of this study 

Inoculum from landfill 

leachate ditch 

10 ~1.7 µmol/L PFBA (0.3%), PFPeA (0.1%), PFHxA (0.7%) N/Ab Chapter 5 of this study 

Landfill leachate and 

sediment 

90 ~3 µmol/L PFBA (0.6%), PFPeA (5.6%), PFHxA (3.1%), 

5:3 FTCA (0.2%), 5:2 sFTOH (0.6 %) 

~86  

(R2 = 0.86) 

Chapter 3 of this study 

Activated sludge 90 2.2 mg/L 5:3 FTCA (0.12%), PFBA (0.14%), PFPeA 

(1.5%), and PFHxA (1.1%) 

 ~2 years Wang et al., 2011 

Gordonia sp. strain NB4-1Y 5  N/A 5:3 FTCA, 6:2 FTCA, 6:2 

FTUCA and 5:3 FTUCA 

N/A Van Hamme et al., 2013 

Activated sludge Up to 40 

weeks 

500 mg/L No observable biotransformation - Ochoa-Herrera et al., 2016 

River sediment 90 2.8 nmol/L 5:3 FTCA (16%), PFPeA (21%) and PFHxA 

(20%) 

<5  Zhang et al., 2017 

Gordonia sp. strain NB4-1Y  7 N/A 5:2 FT ketone (43.9%), 5:2 sFTOH (8.97%), 

and 6:2 FTOH (4.14 %) 

<7 Shaw et al., 2019 



174 

 

Appendix E  Supplemental Information on Photolysis of 6:2 Fluorotelomer Sulfonate (6:2 

FTS) in Landfill Leachate Under Simulated Sunlight (Chapter 6) 
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Figure E.1 Chemical structure of 1H, 1H, 2H, 2H-perfluorooctane sulfonate (6:2 FTS) showing 

the perfluoroalkyl tail (green), ethyl moiety with abstractable H atoms (red) and sulfonate group 

(magenta) (ACD/ChemSketch™ Freeware) 

 

 

 

 

 

 

 

 

 

 

 



175 

 

 Standards of per- and polyfluoroalkyl substances (PFASs) and their suppliers 

Analyte Acronym 
Chemical 

Formula 
CAS Source 

Perfluoro-n-butanoic 

acid 
PFBA C3F7COOH 377-22-4 

Wellington Laboratories, Canada 

Perfluoro-n-pentanoic 

acid 
PFPeA C4F9COOH 2706-90-3 

Wellington Laboratories, Canada 

Perfluoro-n-hexanoic 

acid 
PFHxA C5F11COOH 307-24-4 

Wellington Laboratories, Canada 

Perfluoro-n-heptanoic 

acid 
PFHpA C6F13COOH 375-85-9 

Wellington Laboratories, Canada 

Perfluoro-n-octanoic 

acid 
PFOA C7F15COOH 335-67-1 

Wellington Laboratories, Canada 

3-Perfluoropentyl 

propanoic acid 
5:3 FTCA C8H5F11O2 914637-49-3 Wellington Laboratories, Canada 

Sodium 

1H,1H,2H,2H-

perfluorooctane 

sulfonate (6:2) 

6:2 FTS C8H4F13SO3Na 27619-97-2 

Synquest Laboratories, Florida, 

USA, Wellington Laboratories, 

Canada  

Sodium 

1H,1H,2H,2H-

perfluoro-1-[1,2-13C2] 

octane sulfonate (6:2) 

M2_6:2 FTS - - 

Wellington Laboratories, Canada 

Perfluoro-n-[2,3,4-13C 

] butanoic acid 
M3PFBA - - 

Wellington Laboratories, Canada 

Perfluoro-n-[1-13C5] 

hexanoic acid 
MPFHxA - - Wellington Laboratories, Canada 

Perfluoro-n-[13C8] 

octanoic acid 
M8PFOA - - Wellington Laboratories, Canada 

 

 

 

 Chemicals used for phosphate buffer and stock solution preparation and their suppliers 

Chemical  Supplier Purity 

Potassium phosphate, Monobasic (KH2PO4) Millipore-Sigma, Canada ≥ 99% 

Dipotassium hydrogen orthophosphate (K2HPO4) VWR BDH Chemicals, Canada ≥ 98% 

Humic Acid Sigma-Aldrich, USA <90% 

Sodium Nitrate (NaNO3) Fisher Scientific, USA ≥ 99% 
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Figure E.2 Spectrogram of the 1000 W metal halide lamp used for irradiation experiments 

obtained from the lamp manufacturer.  

 

Figure E.3 a) Soaking chamber with b) metal halide lamp and sample tray. 
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Figure E.4 Temperature profile inside the soaking chamber for a typical 72-hour irradiation 

experiment.  
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 Instrumental method parameters for analysis of PFCAs and 6:2 FTS by LC-MS/MS  

Instruments Agilent Technologies 1200 liquid chromatography 6410 Triple Quad mass spectrometer. 

Operated in the negative ion multiple reaction monitoring mode. 

Analytical Column Waters Xterra C18MS analytical column, 100 mm length, 2.1 mm ID, 3.5 μm particle size;  

Guard Column Waters Xterra C18MS analytical column, 30 mm length, 2.1 mm ID, 3.5 μm particle size 

LC conditions Column temperature (oC): 50 

Maximum Pressure (bar): 345 

Flow rate (mL/min): 0.7 

Mobile Phases A: 10 mM Ammonium acetate and 10 mM acetic acid in water 

B: Acetonitrile 

Solvent gradient 

Profile 

Time (min) A (%) B (%) 

0 80 20 

6 40 60 

7 10 90 

8 10 90 

9 80 20 

12 80 20 
 

MS conditions Source temperature (oC): 120 

Desolvation temperature (oC): 325 

Capillary voltage (kV): 3.5 

Injection Volume: 4 μL 

Monitored Ion 

Transitions 

Analytes Fragmentor voltage 

(V) 

Collision energy (eV) Parent to product ion transition 

PFBA 28 0 213.0 -> 169.0 

PFPeA 20 0 263.0 -> 219.0 

PFHxA 30 0 313.0 -> 269.0 

PFHpA 30 0 363.0 -> 319.0 

PFOA 56 2 413.0 -> 369.0 

5_3 FTCA 70 2 341.0 -> 237.0 

6_2 FTS 130 2 427.0 -> 407.0 

M3FPBA 28 0 216.0-> 172.0 

M2_6:2 FTS 130 2 429.0 -> 81.0 

MPFHxA 30 0 315.0 -> 270.0 

M8PFOA 56 2 413.0 -> 369.0 
 

Calibrations  6:2 FTS was quantified using a 6-point calibration in the working concentration range (2 to 

250 µg/L) with M2_6:2 FTS as an internal standard. All the other compounds were quantified 

using a 6-point calibration in the working concentration range (0.1 to 20 µg/L) with M3PFBA, 

MPFHxA and M8PFOA as injection internal standards. The limits of detection (LODs) (E4) 

were calculated using based on signal-to-noise ratios of 3 determined at the lowest calibration 

limit. 
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 The instrumental detection limit (µg/L) of target analytes in deionized water 

Analytes Internal Standard Limit of detection 

(LOD)a 

PFBA M3PFBA 0.5 

PFPeA M3PFBA 0.2 

PFHxA MPFHxA 0.3 

PFHpA MPFHxA 0.2 

PFOA M8PFOA 0.1 

5:3 FTCA MPFHxA 0.1 

6:2 FTS M2_ 6:2 FTS 0.5 
asignal to noise ratio of 3 determined at lowest calibration level 

 

  

 

Figure E.5 Plot showing natural logarithm of 6:2 FTS concentration in leachate with time, used 

for pseudo-first order reaction kinetics calculation. 
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