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Research and public concern of poly and perfluoroalkyl substances (PFASs) 

as environmental contaminants has increased significantly due to the increasing 

number of reports of their detection in humans and wildlife. PFASs have a number of 

commercial applications including surfactants, coatings, polymers, and levelers, 

which are used on consumer products like papers and textiles that are often discarded 

into landfills. The landfill leachate is highly concentrated with PFASs and acts as a 

point source of PFASs to the environment. However, the factors impacting the 

movement of PFASs from commercial products to leachate remain elusive. It is 

important to understand the load of PFAS in landfill leachates and how conditions 

within a landfill contribute to the composition and concentration of PFASs observed 

in leachates. To answer this question, a reliable analytical method was needed to 

analyze the diverse PFASs potentially in leachate, including newly identified 

compounds that expand on the few (typically <15) PFASs typically analyzed in 

leachate. Chapter 2 describes how micro liquid-liquid extraction was combined with 
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large volume injection (LVI, 900 µL) and orthogonal liquid chromatography/tandem 

mass spectrometry to measure 70 PFASs in leachate. This methodology used over 

seven times more of the generated extract by volume, was faster, and produced less 

solvent and solid waste than previous methods. Method accuracy and precision for 

PFASs with analytical grade reference materials ranged from 81–120 % and 5.5–

33 %, respectively. Estimated method detection limits were low to sub-ng/L. For the 

purposes of demonstrating the developed method, seven leachates were analyzed and 

37 PFASs were identified in leachate that had been previously unreported in landfill 

leachates. One limitation identified in Chapter 2 is the inability of the orthogonal 

chromatographic system to retain and separate neutral PFASs.  Chapter 3 then 

discusses alternative LVI approaches for the retention and separation of neutral 

PFASs along with charged PFASs in clean and complex matrices. Additional 

demonstrations of alternative LVI techniques for other matrices and analytes are also 

described, ending with injection and online-dilution strategies that require little to no 

hardware changes to analyze neutral PFASs in landfill leachate. The practical benefits 

of the LVI approaches discussed include faster sample preparation times, lower 

detection limits, and minimal waste generation. Chapter 4 then describes the 

measurement of PFASs in leachate collected from lab-scale reactors that are operated 

to simulate the geochemical conditions in landfills and to investigate the processes 

that control the temporal trends in PFAS composition and concentration in landfills. 

Four lab-scale reactors were filled with shredded municipal solid waste (MSW) and 

operated under methanogenic conditions at 37 °C for 273 days. An antibiotic and 

antimicrobial were added to two of the four reactors to inhibit biological activity. 
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Temporal trends in PFAS concentrations in biologically-active and abiotic 

(biologically-inactive) reactors were interpreted as resulting from processes including 

abiotic leaching, MSW substrate degradation, biotransformation, pH, degradation and 

sorption impacts.  At the onset of reactor operation, PFAS concentrations were 

controlled by abiotic leaching from discarded commercial products and partitioning 

onto MSW during recirculation of leachate during sampling. Substrate degradation 

and desorption at a higher pH led to increased concentrations of PFASs with longer 

chain-lengths within selected PFAS classes. Additionally, biotransformation led to 

the formation of the 5:3 fluorotelomer carboxylate, the most abundant compound in 

reactor leachates.  Generation of significant concentrations of fluorotelomer 

carboxylates substantiates the higher concentrations observed in actual landfill 

leachates and highlights landfill leachates as important point sources of these little-

studied PFAS compounds.  
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CHAPTER 1: INTRODUCTION 

Poly and Perfluorinated Alkyl Substances: 

Poly and perfluorinated alkyl substances (PFASs) comprise a collection of 

chemicals with similar structural features, namely a hydrocarbon chain, for which all 

hydrogens have been replaced with fluorine atoms.
1
 The perfluoroalkyl moiety Cn-

F2n+1- is then covalently bound to a wide variety of chemical species of increasing 

complexity including, but not limited to, carboxylic and sulfonic acids, sulfonamides, 

iodides, and acrylates.
1
 PFASs have also been referred to as “fluorochemicals”, 

“perfluorinated chemicals” (PFCs),
2
 and “fluorinated substances”,

3
 but are more 

accurately a subset of these less specific terms that may also refer to refrigerants and 

other fluorinated compounds.
4
 

Since the early 1950’s PFASs and PFAS-based products have found an 

increasing number of commercial and industrial applications because of their unique 

properties.
5
 The C-F bond is extremely strong

6, 7
 and the cumulative thermal stability, 

low surface tension, hydrophobic, and oleophobic natures of the highly fluorinated 

carbon chain lend to their wide application in surfactants and polymers.
1, 3, 8

 PFASs 

have found applications as dispersants, repellants on textiles, leather, paper, and food 

packaging, as well as other applications in firefighting foams, electronics, chromium 

plating, pesticides and even personal care products.
9-12

 In 2006 industrial 

manufacturers estimated that PFAS related products had an indirect financial impact 

in excess of $1.7 billion dollars per year.
12
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PFASs as Environmental Pollutants: 

Due to their widespread use and emission over several decades, PFASs have 

been identified as chemicals of environmental concern. As early as 1968, high levels 

of organic and inorganic fluorine in human serum raised concern about fluorinated 

compound sources and human exposure.
13

 Specific compounds have since been 

identified and comprise many PFASs including perfluorooctane sulfonic acid (PFOS) 

and perflurooctanoic acid (PFOA) which have half-lives of several years in the 

human body.
14-16

 The extent to which PFASs pervade the global environment was 

arguably first demonstrated by Giesy and Kannan (2001) in fish, birds and marine 

mammals of North America, Europe, and beyond.
17

 PFASs have since been reported 

to bioaccumulate
18

 and undergo long-range transport,
19, 20

 which explains their 

detection in remote environments
21

 and artic animals.
22

 Largely ubiquitous in the 

environment, these anthropogenic pollutants have also been identified in surface 

waters,
23

 house-hold dust,
24

 waste water treatment plants (WWTPs),
25

 agricultural 

crops,
26

 snow,
27

 and marine sediment.
28

 As a result of their persistence, 

bioaccumulation, and global presence perfluorooctane sulfonate (PFOS), and related 

substances, were listed under Annex B (restriction of production and use) of the 

Stockholm Convention in 2009.
29

 In addition, the U.S. Environmental Protection 

Agency set provisional health advisory limits of 0.2 and 0.4 ppb in drinking water for 

PFOS and PFOA, respectively.
30

 Despite these advances PFOS and PFOA belong to 

only two of many different PFAS classes used commercially and even their 

production has not ceased worldwide.
29
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PFASs in Landfills: 

 In 2011 the U.S. generated 251 million tons of MSW and included carpets, 

textiles, papers, and other consumer products to which PFASs are applied. Landfills 

act as the receptacles for many PFAS related products when disposed, and in turn 

become secondary point sources for PFASs. The water that percolates through a 

landfill is called leachate and is a highly complicated matrix containing a plethora of 

contaminants, including PFASs, leached from municipal solid waste (MSW).
31

 

Leachate production at operating landfills is on the order of 9.5 m
3
/(ha-d).

32
 

Additionally, PFASs in landfill leachate are sometimes as concentrated as the two 

richest sources of PFASs to the environment: direct emissions and fire-fighting 

training impacted groundwater.
21

 The summed molar concentration of PFASs in 

landfill leachate has been measured to range from pmol/L to µmol/L.
33

 

Landfill leachate in unlined landfills can contaminate ground and drinking 

water,
34

 but most modern landfills contain clay and plastic liners for leachate 

collection. The collected leachate can either be stored on site or recirculated 

throughout the landfill to accelerate biodegradation, but is most commonly added to 

WWTP influent for remediation. Unfortunately many PFASs, including PFOA, are 

not attenuated in WWTPs.
2, 35

 It is therefore critical to investigate landfills as point 

sources of fluorochemicals, and the role of landfills in the U.S. and global budget of 

PFASs.  
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Analytical Methods: 

 Anionic PFASs. High performance liquid chromatography (HPLC) tandem 

mass spectrometry (MS/MS) is the preferred analytical technique to measure PFASs 

in landfill leachate. For aqueous phase analytes, HPLC performs very well separating 

a wide variety of analytes, while MS/MS has the needed sensitivity and specificity to 

detect PFASs. Current methodologies however are limited in other ways. Most are 

based on weak anion exchange solid phase extraction (SPE) and small volume 

injection (eg. 10 µL) as developed by Busch et al (2010),
33

 or reverse-phase SPE, 

aqueous dilution and large volume injection (LVI).
36

 Unfortunately both of these 

methods fail to capitalize on the generated extract, injecting less than 10% of PFASs 

extracted. Additionally, these methodologies are often limited to less than 14 

analytes, spanning only two compound classes, and do not include many of the newly 

identified PFASs associated with commercial products. Therefore the total PFAS 

burden in landfill leachates is likely grossly underrepresented. 

Chapter 2 documents the development of an analytical methodology for the 

measurement of PFASs leaving landfills. The major method development goals were 

to introduce a greater percentage of extracted PFASs for detection and to expand the 

number of PFASs analyzed to include newly identified, MSW relevant PFASs. 

Secondary objectives were to design a methodology that would have faster sample 

preparation than current time-consuming extraction technologies, while 

simultaneously reducing solid and solvent waste generation. 

To accomplish these objectives a micro liquid-liquid extraction was developed 

to recover PFASs from leachate with minimal waste generation. The majority of 
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PFASs known to be applied to commercial products, and that are likely to partition 

into the aqueous phase (leachate), are anions at environmentally relevant pHs. 

Consequently, in order to inject a greater percentage (75%) of extracted PFASs, a 

LVI was made onto orthogonal columns with chemistries capable of trapping and 

separating out 70 predetermined anionic PFASs. Seven landfill leachate samples were 

used to demonstrate method performance. 

Large Volume Injection (LVI) and Non-ionic PFASs. Albeit a small 

percentage of PFASs found in the aqueous phase, non-ionic PFASs such as 

perfluorooctane sulfonamide (FOSA) are of interest in landfill leachate because of 

their association with transformation pathways and various PFAS applications. 

Unfortunately, the orthogonal column chemistries presented in the methodology 

described in Chapter 2 were unable to capture and separate non-ionic PFASs from a 

single LVI of an organic-solvent extract. In order to include non-ionic PFASs various 

LVI strategies were developed. Chapter 3 describes these injection and online dilution 

strategies in the context of the diverse abilities and applications of LVI. The practical 

application of LVI for HPLC separation of analytes found in environmental matrices 

is discussed for analytes of varying properties (eg. hydrophobic, extremely polar, 

ionic, etc.) in simple to complex aqueous matrices (eg. groundwater, seawater, 

leachate), ending with non-ionic PFASs in landfill leachate.  

Landfill Model Reactor: 

Previous investigations of PFASs in landfill leachate have identified 

contaminated media worldwide,
37-39

 studied month to month trends,
40

 impacts of 
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remediation technologies,
33

 and identified leachate impacted water.
41, 42

 However, 

only a few studies document the association of PFASs with commercial products, and 

nothing is known about the relative importance of PFAS release pathways from 

municipal refuse in landfills. Therefore, a pertinent research question is what is the 

relative significance of physical leaching vs. biodegradation under methanogenic 

conditions in PFAS release from refuse? 

Aerobic biodegradation half-life estimates of fluorochemicals
43-48

 and 

fluoropolymers
12

 range from < 9 days, for fluorotelomer alcohols and sulfonamides, 

to 800-1,700 years for fluoropolymers in aerobic systems.
49

  There is only one study 

on the anaerobic biodegradation (relevant in landfill conditions) of only one class of 

PFASs (fluorotelomer alcohols).
50

 Fluorotelomer alcohols were found to have, on 

average, half-lives over ten times longer under anaerobic methanogenic conditions, 

than aerobic conditions.
50

 How then do the other PFASs in leachate, identified in 

Chapter 2, behave under anaerobic conditions? And what connects PFAS association 

with commercial products to their presence in landfill leachate? 

Chapter 4 explores the factors impacting PFAS concentrations in landfill 

leacahte through the construction and operation of lab-scale bioreactors under 

anaerobic conditions. Four reactors were filled with municipal solid waste and tested 

for PFAS concentrations in leachate over time. Two of these reactors were inhibited 

for biological activity to differentiate between physical leaching and impacts from 

biodegradation. The broader implication to processes within landfills will be 

discussed. Chapter 5 will discuss the collective results of the three preceding chapters 

and identify future research needs with regards to PFASs and landfill leachate. 
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Abstract:  

 Leachates coming from landfills contain a myriad of compounds of potential 

environmental and human health concern, including per- and polyfluorinated alkyl 

substances (PFASs). Micro liquid-liquid extraction was combined with a 900 µl large 

volume injection (LVI) for the analysis of 70 PFASs in landfill leachate by 

orthogonal LC-MS/MS. The LVI approach introduced 7 times more extract than 

conventional injection approaches. Two zirconium-modified diol guard columns 

effectively retained PFASs from the organic leachate extraction and an analytical C18 

column was used for separation. Method accuracy and precision for PFASs with 

analytical grade reference materials ranged from 81–120 % and 5.5–33 %, 

respectively. Estimated method detection limits in the low to sub-ng/L. Seven landfill 

leachates were analyzed by the optimized analytical method for the purposes of 

method demonstration. Leachates were characterized by a wide variety of PFASs, 

reporting on 36 previously-unanalyzed PFASs in leachate. Perfluoroalkyl 

carboxylates were the most abundant class while phosphorous-containing PFASs 

were detected in all leachates but at low concentrations. The 3-perfluoropentyl 

propanoate (5:3 FTCA) was the most concentrated analyte in most samples and 

constitutes a previously unreported but significant component of landfill leachate. 

Introduction: 

Per- and polyfluoroalkyl substances (PFASs) are of environmental concern 

because of their global presence
19, 51, 52

 and the potential for some to bioaccumulate in 

humans and wildlife.
14, 22, 53, 54

 Sources of PFASs to the environment include 
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emissions from manufacturing,
5, 21

 commercial product use
8, 15, 55

 and disposed 

products.
42, 56

 A wide variety of consumer products and packaging are known to 

contain PFASs and include food packaging, paper, cookware, electronics, paint, 

textiles, and carpet.
8
 At the end of their useful life, many of these items are disposed 

into municipal solid waste landfills. Water that infiltrates the landfill and percolates 

the waste is termed leachate.
57

 Leachate matrices are complex with salinities similar 

to those of seawater (2.5–35 mS/cm) as well as high levels of organic carbon (40–

29,000 mg/L), and suspended solids (8.7–60,000 mg/L).
57, 58

 

Concentrations of PFASs in landfill leachates are among the highest levels 

reported in environmental waters,
40

 second only to US military groundwater 

contaminated by aqueous film forming foam.
59, 60

 Leachates from lined landfills are 

often transported to wastewater treatment plants for treatment; however, conventional 

waste water treatment does not decrease the environmental loads of many PFASs.
25, 

35, 61
 Given the potential for landfills to act as important environmental point sources 

of PFASs, full characterization of the PFASs present in landfill leachates is needed. 

To date, analysis of aqueous environmental samples for PFASs typically 

involves sample preparation to concentrate analytes, remove particulate matter, 

reduce matrix complexity, and to eliminate inorganic salts.
21, 62

 Leachate-specific 

analytical methodologies
33, 36, 37, 63

 typically utilize solid phase extraction (SPE) and 

reverse phase LC-MS/MS analysis. SPE can be costly, time consuming, and generates 

solid and organic solvent waste.
64

 To retain PFASs on reverse-phase columns, 

organic extracts are either diluted into water prior to injection
36

 or injected as a small 

volume (e.g., 10 µL).
33, 37, 63

 Such approaches do not capitalize on the labor, time, and 
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materials associated with extract preparation, because only a small fraction (0.4–

9 %)
33, 36, 37, 63

 of the extract volume is actually injected. As an alternative, Backe et 

al. (2013)
65

 injected 60% (900 µL) of an organic extract created by micro liquid-

liquid extraction (micro-LLE) onto an orthogonal set of guard and analytical columns 

to quantify PFASs associated with aqueous film forming foams in groundwater. 

However, attempts to apply the method of Backe et al.
65

 to PFASs in landfill leachate, 

which is rich in organic matter and highly saline, resulted in highly colorized extracts 

and significantly higher detection limits (Table A.1.1). In addition, select 

hydrophobic PFASs (e.g., perfluoroalkylcarboxylates and dialkylphosphates) were 

too highly retained by the amino guard columns used by Backe et al.
65

 and resulted in 

signals that were unresolved from the baseline (Table A.1.1).  

Previous leachate methods were optimized for the detection of a limited 

number of PFASs (13–24) that were selected from a limited number of classes
36, 37, 63

 

with the one exception: Busch et al., optimized for 43 individual PFASs.
33

 To date, 

perfluoroalkyl carboxylic acids (PFCAs), n:2 fluorotelomer carboxylic acids (n:2 

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

sulfonates (PFSAs), fluorotelomer sulfonates (n:2 FTSAs), and perfluoroalkane 

sulfonamido acetic acids (FASAAs, MeFASAAs, and EtFASAAs) are shown to 

occur in landfill leachates (Figure 2.1).
33, 36, 37, 63

 However, many shorter-chain 

homologues among these classes are not reported even though they are potentially 

important transformation products of PFASs applied to consumer products.
1, 9, 50, 66, 67

 

In addition, n:3 fluorotelomer carboxylic acids (n:3 FTCAs) are important products of 

fluorotelomer biodegradation,
50

 but have yet to be described in leachate. Although 
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phosphorous-containing PFASs such as disubstituted perluoroalkyl phosphinic acids 

(PFPIAs), di-substituted polyfluorinated phosphate esters (diPAPs), N-ethyl 

perfluorooctanesulfonamidoethanol-based polyfluoroalkyl phosphate diester 

(SAmPAP) and fluorotelomer mecaptoalkyl phosphate esters (FTMAPs) are applied 

to materials that end up in landfills,
9, 68-71

 these PFASs have yet to be analyzed in 

landfill leachate.  

The first objective of the present study was to modify the method of Backe et 

al.
65

 for the analysis of landfill leachates and to include PFAS classes and 

homologues previously omitted from leachate analysis. The micro-LLE approach was 

modified for the selective extraction of 70 PFASs, 36 of which have not been 

previously reported in landfill leachates. Analysis was performed by large volume 

injection (LVI) onto a zirconium-diol and C18 orthogonal LC-MS/MS system, 

resulting in a method optimized for its speed, utilization of the majority of the organic 

extract volume generated, and minimum solvent and solid waste generation. The 

second objective was to demonstrate the optimized analytical method on a limited 

number (n=7) of landfill leachates. 

Experimental: 

Standards and Reagents. Native and mass-labeled standards were purchased 

from Wellington Laboratories (Guelph, Canada) with one exception; N-methyl 

perfluorobutane sulfonamide acetic acid was donated by the 3M Company (St. Paul, 

MN). Commercial reference materials for SAmPAP and a mix of FTMAPs were 
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donated by the US Food and Drug Administration (US FDA). All reagents and 

standards are described in more detail in Appendix 1 (A.1) (Table A.1.2). 

Sample Collection. For the purpose of method demonstration, six landfills 

were sampled and a total of seven leachate samples were collected (Table A.1.3). 

Two samples came from two different refuse cells in the same landfill (sites B1 and 

B2) and one sample came from an evaporation pond (site F). Some of the landfills 

were in operation since 1975 and all were still receiving waste at the time of the 

study. Wastes received include residential and commercial waste, biosolids from 

wastewater treatment plants, construction and demolition wastes, and non-hazardous 

industrial waste. An additional 2 liters of leachate from site B1 was collected for 

method development and validation. 

Sample collection was site specific with leachate collection by pumps, spigots, 

or polyethylene bailers (Cole-Palmer, Vernon Hills, IL). Each sample was transferred 

to a 1 L polypropylene wide-mouth bottle (VWR International, Radnor, PA), swirled 

for homogenization, and then split into three 50 mL polypropylene centrifuge tubes 

(VWR International). Trip blanks (2 per landfill) consisted of deionized water in 50 

mL centrifuge vials that were transported to and from landfills unopened. Field 

blanks consisted of deionized water in 50 mL centrifuge vials (2 per landfill) that 

were opened for the duration of a sampling event. All samples and blanks were 

frozen, shipped overnight on ice, and stored at -20 °C prior to analysis. Data from 

experiments performed to determine the stability of leachate samples for a variety of 

shipping conditions indicated that PFAS concentrations for all but the most 

hydrophobic PFASs (C12-18 PFCAs, PFDS, FOSAA, Me- and EtFOSAA, and 
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dialkyl phosphates) were constant when samples were frozen within 5 days of 

collection and stored at -20 °C (see A.1 for details). 

Micro Liquid-Liquid Extraction. Sample preparation by micro-LLE was 

similar to that described by Backe et al.
65

 with several major adjustments. Briefly, 

samples were centrifuged at 1600 g for 10 min prior to removing a 3 mL aliquot from 

2 cm below the meniscus and adding it to a 5 mL polypropylene micro centrifuge 

tube (Argos Technologies, Elgin, IL). Isotopically-labeled internal standards (0.72 ng 

of each, see Table A.1.2) were added and samples were titrated to pH 7–8. Unlike the 

method of Backe et al.
65

, no sodium chloride was added. Neutralized samples were 

then extracted in triplicate with 10% trifluoroethanol in ethyl acetate to achieve a 1 

mL extract. Extracts were centrifuged as needed at 1600 g for 2 min to break any 

emulsions that formed during the extraction processes. Methanol was then added (200 

µL) to achieve a final sample volume of 1.2 mL. All extracts were analyzed within 6 

days of extraction because early experiments indicated that PFAS concentrations did 

not differ significantly at the 95% confidence interval (CI) for up to 6 days of storage 

at 4 
o
C (see A.1 for more detail). 

Instrumental Analysis. An Agilent 1100 series HPLC was adapted in a 

manner similar to that described by Backe et al._ENREF_64
65

 (see A.1 for more detail). 

Chromatographic separation was accomplished using two Zorbax zirconium modified 

diol (Zr-diol) guard columns (6 µm, 150 Å, 4.6 x 12.5 mm, Agilent) placed in series 

with a Zorbax Eclipse Plus C18 column (3.5 µm, 95 Å, 4.6 x 75 mm, Agilent). All 

columns were maintained at 40 °C. Mobile phase A consisted of 3 % methanol in 

HPLC grade water and mobile phase B consisted of 100 % MeOH and 10 mM 
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ammonium acetate (NH4OAc). A large volume (900 µL) of extract was injected over 

2.5 min at a flow rate of 0.5 mL/min after which the sample loop was bypassed so 

that the gradient was directed directly onto the column. For the gradient, mobile 

phase B was increased asymptotically from 0–70 % over 4.5 min and then increased 

linearly to 80% over the next 8 min and then to 92% over 8 min. Lastly, B increased 

exponentially to 100 % over 2 min, where it was held until all analytes had eluted. 

The flow rate at 7 min (after injection) was reduced to 0.4 mL/min and then held for 

17 min. At 25 min, the flow rate was increased to 0.5 mL/min for improved peak 

resolution of later-eluting analytes. A single chromatographic analysis required 40 

min (see A.1 for more detail). Zr-diol guard columns were replaced every 50 samples 

and the performance of the C18 analytical column has not diminished after over 1,000 

injections. 

The LC was coupled to a TQ Detector (Waters Corporation, Milford, MA) 

MS/MS system. The divert valve on the mass spectrometer was set to divert LC 

effluent to waste for the first 7 min and again after 32 min. The MS/MS system was 

operated under negative electrospray ionization and multiple reaction monitoring 

(MRM) mode with the following conditions: MS capillary 2.8kV; extractor cone 2V; 

RF 0V; desolvation gas 1,100 L/hr (450 °C); cone gas 75 L/hr; source temperature 

150 °C. The sample cone was preemptively replaced with a clean one every 25 

leachate samples, an activity that requires 30 min (replacement) to 2 hrs (cleaning and 

replacement). Comparison to other analytical methods for the analysis of complex 

leachate is not possible because the frequency of cone cleaning is not reported. 
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Analyte Identification and Quantification. MRM transitions were optimized 

for each PFAS by infusing reference materials with 8 mM NH4OAc in 80% methanol. 

Two unique MRM transitions were found for all PFASs except for 

perfluorobutanoate (PFBA) and perfluoropentanoate (PFPeA) (see Table A.1.2). 

MRM transitions for compounds for which no reference materials were available for 

infusion were predicted based on the observed fragmentations of structurally-similar 

homologues. For example, fragmentation ions of 2-perfluorobutylethanoate (4:2 

FTCA) were predicted based on the characteristic loss of 84 mass units from the 

parent ions as seen for n:2 FTCAs as well as the presence of a 63 m/z ion (Table 

A.1.2). Retention times were predicted in relation to retention times of compounds in 

a homologous series and other structurally-similar compounds. For example, the 6:2 

FTCA standard eluted immediately after the 5:3 FTCA standard. Consequently, 4:2 

FTCA was estimated to elute after 3-perfluoropropyl propanoate (3:3 FTCA). This 

assignment was supported by observation of a strong peak in both predicted 

transitions, eluting at the expected time, and with ion ratios comparable to that of 6:2 

FTCA when an actual landfill leachate was analyzed. 

Analyte concentrations were computed using internal standard calibration and 

1/x weighted calibration curves. Calibration curve standards (n ≥ 6) ranged from 2–

4000 ng/L for all PFASs, except n:2 FTCAs, which ranged from 12–400 ng/L. The 

LC-MS/MS calibration (R
2
 ≥ 0.98) standards were made daily along with two 

standards (80–120% requisite recovery) analyzed every 8–10 samples to verify the 

calibration throughout an analytical sequence (≤ 24 samples). To ensure day-to-day 

calibration accuracy, one set of replicate standards (n=20) were made all at once and 
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stored at -20 °C. These replicate standards were then analyzed with every calibration 

and were required to fall within 80–120% recovery. Analytes with no reference 

material, including branched PFASs, were quantified only when both transitions were 

present. Branched PFASs were combined with linear PFAS concentrations and were 

required to elute prior to the linear PFAS peak. Trace levels of carryover in blanks 

following standards above 800 ng/L were observed for only six of the most retentive 

PFASs (PFOcDA, PFDS, MeFOSAA, EtFOSAA, 6:2 diPAP, and 8:2 diPAP), but 

these six PFASs were not abundant enough in leachate to elicit carryover (see A.1 for 

details). 

Data Quality, QA/QC. Due to the limited number of PFAS standards 

available, analytes were divided into four tiers of confidence about the concentrations 

reported (Figure 2.1; Table A.1.2). Concentrations of analytes for which analytical 

standards were available were considered quantitative (Qn) if the measured accuracy 

fell within 90–110 % and precision was ≤ 20 % RSD. Analyte concentrations for 

which analytical standards were available, but did not meet the aforementioned 

criteria, were considered semi-quantitative (Sq). Concentrations for analytes for 

which only a commercial reference material were available (e.g., PFHpS, 4:6 PFPIA, 

6:2 FTMAP) were considered qualitative (Ql). Lastly, the screen (Sc) data quality tier 

was assigned to analytes without any reference materials (e.g, 4:2FTCA, FHxSAA, 

4:2 diPAP).  For PFAS quantification stable-isotope internal standards were selected 

(Table A.1.2) based on their performance during standard addition (experiment 

described below). The concentrations for Ql and Sc analytes were estimated assuming 
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equal molar response factors to those of structurally-similar Qn and Sq analytes (see 

A.1 for more detail, Table A.1.2). 

Quality Control. Trip and field blanks were obtained from every landfill as 

described earlier. In addition, method blanks that consisted of HPLC grade water 

were taken through the entire extraction method and analyzed as part of every 

analytical sequence. During each sequence, signals for PFASs in method blanks were 

expected to fall below detection, which was defined as having signal-to-noise (S/N) 

values of ≤ 3, prior to the analysis of actual leachate samples. Method, trip, and field 

blanks were below detection in most cases. In three cases, PFOA (sites B1 and B2) 

and PFBA (sites B1–C) were measured in blanks, but below the limit of 

quantification (LOQ). 

Method Performance. Landfill leachates typically contain a significant 

number of PFAS classes, such that no representative blank landfill leachate matrix 

was available to evaluate method performance values. For this reason, standard 

addition was performed by over spiking PFASs (prior to extraction) into aliquots of a 

single leachate at incremental concentrations that gave raw area counts between 1 and 

3 times the initial area for each PFAS. Linear regression of the standard-addition data 

was then used to determine the concentration of each PFAS in the original (unspiked) 

leachate. Method accuracy, expressed as a %, was calculated as the ratio of the PFAS 

concentration measured by internal standard calibration relative to that determined by 

standard addition, multiplied by 100. Whole method extraction efficiency 

experiments (see A.1 for details) were conducted to determine the absolute recovery 

of analytes by the micro-LLE extraction method. 
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Whole method precision was determined as the combination of inter and 

intraday variability and calculated using a one-way ANOVA.
72

 Estimated method 

detection limits (EMDLs) were defined as 3 times the S/N on either side of analyte 

peaks in leachate extract.
73

 The presence of trace levels of PFBA, PFUnDA, and 

PFHxS in the commercially-available internal standards required adjustment of their 

respective EMDLs (see A.1 for more detail). Concentrations of PFASs were reported 

as < LOQ if the S/N was < 10 or the computed concentration was less than the lowest 

calibration standard. Leachate samples that gave PFAS concentrations that exceeded 

the highest calibration point were diluted with HPLC grade water and re-extracted.  

Results and Discussion: 

 Chromatography. A wide range of PFAS classes and chain lengths were 

chromatographically separated and detected by the LVI, orthogonal chromatography 

LC-MS/MS system (Figure 2.2). The two Zr-diol guard columns retained the 70 

PFAS analytes and the analytical C18 column achieved baseline resolution for 

individual homologues within each PFAS class (Figure 2.2). Chromatograms of 

PFASs in landfill leachate gave symmetrical peaks (<1.5 tailing factor) and low noise 

levels, indicating method selectivity. Branched PFASs were observed (e.g. Figure 2.2, 

EtFOSAA) only for compounds that are commonly synthesized by electrofluorination 

or are transformation intermediates of electrofluorination products,
1
 which include 

PFCAs, PFSAs, FASAAs, MeFASAAs, and EtFASAAS. The ratio of branched to 

linear isomers for PFASs resulting uniquely from electrofluorination (PFSAs, 

FASAAs, MeFASAAs and EtFASAAs), were routinely within the expected range of 
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20–30 % based on the percent of branched PFASs in commercial formulations.
1, 74

 In 

contrast, branched PFCA isomers constituted less than 20 %, which indicate that 

PFCAs in landfill leachates result from a mixture of PFASs synthesized by both 

telomerization and electrofluorination processes.
1
 

The 900 µL injection utilized 75% of the prepared 1,200 µL (1.2 mL) extract.  

This approach increased the mass of PFASs introduced for detection without 

increasing sample preparation time and capitalized on the investment made in 

materials and time to generate the extract. Sample preparation steps such as solvent 

transfer, blow-down, or additional treatment through Envi-Carb
36

 were eliminated, 

which also reduced the opportunity for analyte loss. 

The chromatographic system was optimized based on the results of 

preliminary experiments designed to identify guard columns for PFAS retention from 

solvent-based standards without a C18 analytical column (see A.1 for detail). Anion 

exchange columns successfully trapped PFAS anions from the 900 µL of organic 

solvent, but were unable to efficiently release long-chain-length PFASs (e.g. 

PFOcDA and 6:2 diPAP) (Table A.1.1). In contrast, guard column phases including 

C18, silica, and diols without zirconium did not capture PFASs; the latter finding 

indicates that the zirconium modified surface of the Zr-diol is necessary for PFAS 

retention. Of the guard columns investigated (see A.1), the Zr-diol was best able to 

capture and resolve the PFASs of interest with over 4 times the highest number of 

theoretical plates as that exhibited by anion exchange columns (see A.1 for detail). 

Empty zirconium d-orbitals (Lewis acids) retain PFASs by accepting the non-bonded 

electron pairs of PFAS anions, which are Lewis bases.
75, 76
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After selecting the Zr-diols for further optimization, breakthrough of PFBA, 

as indicated by two peaks, was observed when complex landfill leachate extracts 

(instead of pure solvents) were initially analyzed. The first PFBA peak eluted with the 

dead volume of the system while the second, later-eluting PFBA peak had a retention 

time similar to that of PFBA in solvent-based standards. With the addition of a 

second Zr-diol guard column, the two peaks combined to give a single peak eluting 

with the same retention time as that of solvent-based standards, suggesting the 

addition of a second Zr-diol increased the capacity needed to retain PFBA from 

landfill leachate extracts. 

The next critical step was to achieve elution of PFASs from the Zr-diols, 

which do not provide for the separation of PFASs, and to then refocus them onto the 

head of the C18 analytical column for subsequent separation. Optimum elution of 

PFBA from the Zr-diols was achieved with 52% methanol and 5 mM NH4OAc (50 % 

mobile phase B). Lewis acid-base interactions between PFASs and Zr-diols are 

interrupted by acetate because elution was not affected by methanol alone.  The 

methanol concentration is sufficiently high to effectively release the more 

hydrophobic PFASs from the Zr-diols but low enough that most PFASs refocused on 

the C18 column. PFBA and PFPeA were not well retained by the C18 analytical 

column and their retention and peak shape are controlled by the interactions with the 

Zr-diols. Nonionic PFASs (e.g. perfluorooctane sulfonamide) are not retained by this 

system and were not analyzed for this study. However, current research is focused on 

developing injection strategies to retain and separate nonionic PFASs from large 

volume extracts on orthogonal or reverse-phase systems. 
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  Sample Extraction. The efficiency of micro-LLE was optimized by varying 

the salt saturation and pH of leachate. Saturating leachate with sodium chloride 

prevented PFAS trapping on the Zr-diol guard columns. Therefore, no sodium 

chloride was added. The influence of sample pH on PFAS extraction efficiency was 

tested at pH 1.5, 5, 7, and 9. Acidification of spiked deionized water to pH 1.5 

increased PFBA extraction efficiency to 50% but when landfill leachate was 

acidified, increased noise masked PFBA signals below 1,000 ng/L (see Table A.1.1). 

The increased noise is likely a result of the co-extraction of dissolved organic matter 

as indicated by the yellow color of acidified extracts. In contrast, extraction of 

leachate at neutral pH (7–8) gave clear extracts and the lowest EMDLs.  Micro-LLE 

was quick with a dozen samples typically requiring only one hour for extraction, 

compared to several hours for SPE.
64

 The method also generated little solid (2 

centrifuge vials and pipet tips) and solvent waste (0.62 mL). 

Method Performance. The developed methodology enabled accurate PFAS 

quantification in landfill leachates by internal standard calibration as indicated by 

good agreement with concentrations determined by standard addition. Whole method 

accuracy for Qn and Sq PFASs varied from 90–110 and 81–120 %, respectively 

(Table 2.1). Whole method precision, which combined inter- and intraday variability, 

ranged from 5.8–20 % and 9.0–33 % for Qn and Sq analyte concentrations, 

respectively (15 % median). Huset et al.
36

 and Benskin et al.
63

 reported intraday RSD 

values ranging from 1–31% (8 % median) and 1–21% (8 % median), respectively, 

that were lower for most compounds but did not account for interday variability.
36, 63
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The EMDLs for Qn and Sq PFASs were typically at or below 1 ng/L (Table 

2.1), which is comparable to previous SPE-based methods.
33, 36, 37, 63

 Fluorotelomer 

carboxylates (n:2 FTCA and n:3 FTCA) had higher EMDLs that ranged from 2.5 to 

4.1 ng/L, but previous methods for leachate also have higher detection limits for 

FTCAs relative to PFCAs. Higher EMDLs for perfluorobutanoate (PFBA, 18 ng/L) 

and perfluoropentanoate (PFPeA, 7.9 ng/L) are explained by their lower extraction 

efficiencies of 11 and 41%, respectively (Table 2.1). Despite lower absolute 

recoveries, typical PFBA and PFPeA abundances in landfill leachate were well above 

their EMDLs (Table 2.2). Past SPE-based methods for landfill leachates are 

characterized by low PFBA extraction efficiencies, as indicated by absolute 

recoveries, ranging from 20–54%.
33, 36, 37, 63

 All other absolute extraction efficiencies 

for Qn PFASs fell between 92 and 110 % and are consistent with those for SPE-based 

methods for landfill leachates.
33, 36, 37, 63

 

  Method Demonstration: Landfill Leachates. The landfill leachates analyzed 

to demonstrate the optimized methodology contained a wide variety of PFAS classes 

and homologues that reflects a greater diversity of PFASs in landfills than previously 

reported. Every PFAS class analyzed was detected with total PFAS molar 

concentrations ranging from 8.6–550 nM (Figure 2.3). Total PFAS concentrations 

(3,200–160,000 ng/L) were higher than concentrations found in other aqueous 

environmental media,
21, 77

 but typically lower than ground and surface water impacted 

by aqueous film forming foam.
60, 65

 The greater PFAS abundance (550 nM) in the 

evaporation pond (site F) is likely due to the concentrating effect of water 

evaporation.  
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The molar contribution of PFCAS in leachate ranged from 20–88 % and was 

the largest contributor to the total PFASs measured in five of seven sites. The C4–8 

PFCA homologues comprised >97 % of the PFCA profile that ranged from C4–10 in 

six out of seven samples, but up to C16 (PFHxDA) was detected at site C (Table 2.2). 

Concentrations of PFOA exceeded the EPA provisional health advisory level (400 

ng/L)
78

 in five out of seven samples. The most abundant PFCA homologue was 

PFHxA, except for site D where PFPeA was the most abundant.  Higher 

concentrations of the short-chain (C4–C6) PFCAs are characteristics of landfill 

leachates
33, 34, 36, 37, 40

 and this attribute of leachates can be potentially used to identify 

landfill-impacted systems. For example, groundwater surrounding an unlined landfill 

had PFBA at molar concentrations greater than any other PFAS analyzed.
34

 The 

abundance of short-chained homologues in leachate is consistent with the more 

frequent detection of PFBA relative to PFOA in 30 commercial products that likely 

end up in landfills.
8
 

The n:2 FTCAs comprised 43% of the total PFASs in only one sample (site E) 

but was otherwise < 4 % (Figure 2.3). The n:2 FTUCAs were measured at low 

concentrations (<290 ng/L), and at most comprised 0.2 % of the total nM PFASs. 

Conversely, the n:3 FTCAs were the second largest contributor to the total PFAS 

load, ranging from 2.4–44 %.  The occurrence of these three classes of fluorotelomer 

carboxylates is consistent with reports of their formation as the biodegradation 

products of fluorotelomer alcohols under anaerobic conditions in microcosm 

experiments.
50

 In the U.S., where landfills are designed and operated according to 

engineering and regulatory principles, all landfills are anaerobic. 
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Fluorotelomer carboxylate profiles were dominated by C8 (6:2 FTCA, 6:2 

FTUCA, 5:3 FTCA) and C10 (8:2 FTCA, 8:2 FTUCA, 7:3 FTCA) homologues 

(Table 2.2). Concentrations for 5:3 FTCA (Table 2.2) were greater than any other 

PFAS in leachate from five of seven sites. To the best of our knowledge, this is the 

first report of n:3 FTCAs in landfill leachates. A concentration of 18,000 ng/L 5:3 

FTCA (Site C) was the highest concentration of the PFASs measured in this study 

except for three PFCAs in leachate from the evaporation pond (site F). Based on the 

high n:3 FTCA concentrations measured, further investigation is warranted, 

potentially including n:3 FTCAs with an odd number of carbons that form under 

aerobic conditions.
79

 

The PFSA class comprised 2.5–8.5 % of the total nM PFAS concentrations 

(Figure 2.3). Even chain lengths contributed 93–100 % to the total PFSA 

concentration with PFHxS concentrations exceeding those of PFOS in all but one 

leachate (Table 2.2). Concentrations for PFOS were below the EPA health advisory 

level (200 ng/L)
78

 in all but two samples. All three n:2 FTSAs were detected in all 

seven leachates and the class contributed 0.3–1.6 % to the total nM PFAS 

concentrations. 

One goal of this study was to investigate the occurrence of shorter chain-

length homologues of the unsubstituted, methyl-, and ethyl perfluoroalkyl 

sulfonamido acetate classes.  Leachates analyses revealed the presence of C4-C8 

FASAAs (<0.4%), C4-C8 MeFASAAs (3.0–8.8%), and C4-C8 EtFASAAs (0.1–

1.5%) (Figure 2.3). The C8 EtFOSAA is formed from the biodegradation of C8-based 

ethyl perfluorooctane sulfonamidoethanol.
1, 66, 67

 All shorter FASAA, MeFASAA, and 
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EtFASAA homologues are presumed to arise from the analogous biodegradation of 

methyl- and ethyl perfluoroalkyl sulfonamidoethanols. The Sq concentrations of 

MeFBSAA (41–8000 ng/L) exceeded those of MeFOSAA (4.2–990 ng/L) in 

leachates (Table 2.2). Similarly, the Sc concentrations of C4–6 FASAA, MeFASAA, 

and EtFASAA were frequently greater than their C8 homologues. With the exception 

of MeFBSAA, previous leachate studies did not include homologues with less than 

eight fluorinated carbons
36, 63

 and, thus, underreport the loads of perfluoroalkyl 

sulfonamide acetates in landfill leachates. 

The four phosphorous-containing PFAS classes (PFPIAs, diPAPs, FTMAPs 

and SAmPAP) were detected infrequently and contributed a maximum 0.3% to the 

total nM PFAS concentration (Figure 2.3). Neither PFPIAs nor FTMAPs were 

measured above their LOQ in any of the seven leachates.  The n:2 diPAPs were 

present in four of the seven leachates with 8:2 diPAP reaching 210 ng/L (Table 2.2). 

Likewise, SAmPAP was observed in five leachates and at concentrations up to 57 

ng/L. Despite PFPIA, diPAP and FTMAP application to consumer products
1, 9, 68, 70, 71

 

and their high production volumes
80

, their low and infrequent detection may be due to 

their biotransformation
45

 and/or hydrophobicity.
81

  

Conclusion: 

The present study utilized a micro-LLE approach for the analysis of 70 PFASs 

(29 quantitative, 7 semi-quantitative, 16 qualitative, and 18 screened) in landfill 

leachates. Large volume injection (900 µL) in combination with orthogonal HPLC-

MS/MS capitalized on sample preparation time and materials invested by injecting 
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75 % of the extract. Two Zr-diol guard columns selectively trapped the 70 PFASs of 

interest from 900 µL volume of organic extract and a C18 reverse phase analytical 

column separated and resolved the analytes. The method was successfully applied to 

complex landfill leachate matrices with accuracy, precision and EMDLs that are 

comparable to those reported for previous methods. The optimized method achieved 

similar performance, but with less organic solvents (0.62 mL total organic waste), 

minimal laboratory solid waste (2 centrifuge vials and pipet tips), and faster sample 

preparation (12 samples extracted/hr). Extraction efficiencies were also improved for 

most analytes, except PFBA and PFPeA. The leachate compositions reported here 

contained a wide variety of PFAS chain lengths and compound classes. PFASs 

determined in leachate that were not previously measured included 4:2 FTCA, 4:2 

FTUCA, n:3 FTCAs, 4:2 FTSA, PFPIAs, diPAPs, FTMAPs and SAmPAP.  With the 

exception of one sample, PFPIAs and FTMAPs were not observed in leachate, despite 

their commercial application to consumer products, which are commonly disposed to 

landfills. The 5:3 FTCA was found at higher concentrations than any other single 

PFAS (excluding site F) and represents an important new class of PFASs in landfill 

leachate.  
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Acronym 
Data 

Quality
a
 

Accuracy 

(%)
b 

Precision 

(RSD %)
b 

EMDL 

(ng/L) 

Extraction 

Efficiency (%) 

PFBA Qn 100 14 18 11 

PFPeA Qn 99 15 7.9 41 

PFHxA Qn 110 14 2.1 92 

PFHpA Qn 100 12 1.3 n/a 

PFOA Qn 110 12 0.9 100 

PFNA Qn 100 14 0.58 100 

PFDA Qn 100 15 0.21 110 

PFUnDA Qn 100 16 0.23 100 

PFDoDA Qn 100 14 0.19 100 

PFTriDA Qn 110 20 0.25 n/a 

PFTeDA Sq 110 25 0.42 n/a 

PFHxDA Sq 110 27 0.17 n/a 

PFOcDA Sq 94 33 0.2 n/a 

6:2 FTCA Qn 97 19 4.1 93 

8:2 FTCA Qn 98 16 2.9 110 

10:2 FTCA Qn 93 13 2.6 110 

6:2 FTUCA Qn 94 10 0.47 n/a 

8:2 FTUCA Qn 97 19 0.27 n/a 

5:3 FTCA Qn 110 16 3.6 n/a 

7:3 FTCA Qn 100 13 2.5 n/a 

PFBS Qn 96 16 0.78 n/a 

PFHxS Qn 94 13 1.3 100 

PFOS Qn 110 5.8 0.57 110 

PFDS Qn 100 14 0.5 n/a 

4:2 FTSA Sq 110 23 1.5 n/a 

6:2 FTSA Qn 90 14 0.49 100 

8:2 FTSA Sq 110 22 0.48 n/a 

FOSAA Sq 120 16 0.46 n/a 

MeFBSAA Sq 81 11 2.4 n/a 

MeFOSAA Qn 98 11 0.37 100 

EtFOSAA Qn 100 19 0.48 110 

6:6 PFPIA Qn 91 16 0.07 n/a 

6:8 PFPIA Qn 100 9.0 0.07 n/a 

8:8 PFPIA Qn 110 22 0.05 n/a 

6:2 diPAP Qn 98 19 0.43 110 

8:2 diPAP Qn 100 17 0.18 n/a 

 
a
Qn (quantitative) and Sq (semiquantitative) 

b
Accuracy of the internal standard calibration was compared to measurements made 

by standard addition. Precision was based on the intra- and between-day variability of 

16 replicates (n=4 over four days).  

Table 2.1: Method performance characteristics. 
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Table 2.2: Method demonstration indicating PFAS concentrations in landfill leachates 

(ng/L).
a
 

Analyte a ND b LOQc Site A Site B1 Site B2 Site C Site D Site E Site F 

PFBA 18 59 670 3500 1500 3700 800 69 24000 

PFPeA 7.9 26 650 1300 1600 3200 1600 54 39000 

PFHxA 2.1 6.8 1800 1700 2200 8900 1300 190 50000 

PFHpA 1.3 4.2 940 1100 1900 3100 460 62 14000 

PFOA 0.9 2.9 1300 910 1200 5000 150 180 9200 

PFNA 0.58 2.0 55 11 27 290 12 11 48 

PFDA 0.21 2.0 31 6.3 6.8 200 9.8 8.9 11 

PFUnDA 0.23 2.0 ND ND ND 26 ND ND ND 

PFDoDA 0.19 2.0 <LOQ ND ND 29 ND ND 2.1 

PFTriDA 0.25 2.0 ND ND ND 5.6 ND ND ND 

PFTeDA 0.42 2.0 ND ND ND 12 ND ND <LOQ 

PFPeDA 0.54 2.0 ND ND ND 2.9 ND ND ND 

PFHxDA 0.17 2.0 ND ND ND 2.4 ND ND ND 

PFHpDA 0.53 2.0 ND ND ND <LOQ ND ND ND 

PFOcDA 0.2 2.0 ND ND ND <LOQ ND ND ND 

4:2 FTCA a 5.3 13 ND ND ND ND ND <LOQ 860 

6:2 FTCA 4.1 13 550 230 260 2000 <LOQ 1200 300 

8:2 FTCA 2.9 12 180 28 20 150 <LOQ 240 ND 

10:2 FTCA 2.6 12 15 ND ND ND ND <LOQ ND 

4:2 FTUCAa 0.59 2.0 ND ND ND ND ND ND 290 

6:2 FTUCA 0.47 2.0 ND ND ND 21 <LOQ <LOQ 35 

8:2 FTUCA 0.27 2.0 ND ND ND 2.3 ND <LOQ <LOQ 

10:2 FTUCA 2.27 7.6 <LOQ ND ND <LOQ ND ND ND 

3:3 FTCA a 0.18 2.0 37 57 48 ND 22 8.6 840 

5:3 FTCA a 3.6 12 6500 3200 4000 18000 320 680 3200 

7:3 FTCA a 2.5 8.2 940 200 190 1700 22 210 60 

9:3 FTCA a 1.4 4.6 8.2 <LOQ ND 11 ND <LOQ ND 

PFBS 0.78 2.6 380 61 86 3200 310 38 830 

PFPS 1.3 4.3 34 32 32 62 19 <LOQ 300 

PFHxS 1.3 4.4 830 730 560 1100 64 45 3900 

PFHpS 0.92 3.1 ND <LOQ <LOQ 21 <LOQ <LOQ 5 

PFOS 0.57 2.0 170 220 140 590 39 25 14 

PFNS 0.62 2.1 ND ND ND ND ND ND ND 

PFDS 0.5 2.0 <LOQ <LOQ ND 11 ND ND ND 

4:2 FTSA a 1.5 5.0 7.5 12 5.2 <LOQ 5.5 <LOQ 440 

6:2 FTSA 0.49 2.0 300 88 150 470 37 20 200 

8:2 FTSA 0.48 2.0 27 140 150 150 8.6 3.1 2.6 

FBSAAa 1.3 4.4 13 ND ND 23 ND ND 33 

FPeSAA a 1.4 4.5 <LOQ ND ND 16 ND ND 96 

FHxSAA a 0.52 2.0 4.3 <LOQ <LOQ 89 ND ND 4.7 

FHpSAA a 0.57 2.0 ND ND ND 6.6 ND ND ND 

FOSAA 0.46 2.0 ND 2.8 <LOQ 260 ND ND ND 

MeFBSAA 1.7 5.7 870 670 780 2900 350 41 8000 

MeFPeSAA a 0.64 2.1 330 470 590 660 58 19 2700 

MeFHxSAA a 0.63 2.1 160 230 230 1900 29 16 44 

MeFHpSAA a 0.69 2.3 7.5 24 16 140 3.6 2.5 ND 

MeFOSAA 0.37 2.0 65 140 100 990 22 40 4.2 

EtFBSAA a 1.2 3.9 5.4 30 41 97 33 4 2000 

EtFPeSAA a 0.45 2.0 ND 34 58 66 3.2 2.3 380 

EtFHxSAA a 0.90 2.9 ND 29 51 22 4.8 <LOQ 6 
a
 Not previously analyzed in landfill leachate 

b
 ND (not detected) is a reference value 

equal to the EMDL 
c
 LOQ (limit of quantification) is a reference value to interpret 

<LOQ and is either 3.3 times the EMDL or the lowest calibration concentration 

(whichever is higher) 
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Table 2.2 (Continued): 
Analyte a ND b LOQc Site A Site B1 Site B2 Site C Site D Site E Site F 

EtFHpSAA a 0.93 3.1 ND 11 14 <LOQ ND <LOQ ND 

EtFOSAA 0.48 2.0 32 310 200 100 11 15 3.1 

4:4 PFPi a 0.07 2.0 ND ND ND ND ND ND ND 

4:6 PFPi a 0.08 2.0 ND ND ND ND ND ND ND 

6:6 PFPi a 0.07 2.0 ND ND ND <LOQ ND ND ND 

6:8 PFPi a 0.07 2.0 ND ND ND <LOQ ND ND ND 

8:8 PFPi a 0.05 2.0 ND ND ND <LOQ ND ND ND 

4:2 diPAP a 0.81 2.7 ND ND ND ND ND ND ND 

4:2/6:2 diPAP a 0.77 2.6 ND ND ND ND ND ND ND 

6:2 diPAP a 0.43 2.0 ND ND ND 19 ND <LOQ <LOQ 

6:2/8:2 diPAP a 0.63 2.1 <LOQ ND ND 46 ND ND ND 

8:2 diPAP a 0.18 2.0 <LOQ ND ND 210 ND <LOQ <LOQ 

8:2/10:2 diPAP a 0.44 2.0 4.1 ND ND 91 ND ND ND 

10:2 diPAP a 0.50 2.0 <LOQ ND ND 48 ND ND ND 

6:2 FTMAP a 0.46 2.0 ND ND ND ND ND ND ND 

6:2/8:2 FTMAP a 0.39 2.0 ND ND ND ND ND ND ND 

8:2 FTMAP a 0.36 2.0 ND ND ND <LOQ ND ND ND 

8:2/10:2 FTMAP a 0.33 2.0 ND ND ND ND ND ND ND 

10:2 FTMAP a 0.42 2.0 ND ND ND ND ND ND ND 

SAmPAP a 0.39 2.0 <LOQ 19 9.5 57 <LOQ ND ND 
a
 Not previously analyzed in landfill leachate 

b
 ND (not detected) is a reference value 

equal to the EMDL 
c
 LOQ (limit of quantification) is a reference value to interpret 

<LOQ and is either 3.3 times the EMDL or the lowest calibration concentration 

(whichever is higher) 
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Figure 2.1: Chemical structures by compound class. Values for ‘n’ indicate the 

number of repeating units in the structure and values in bold correspond to PFASs 

analyzed for the first time in leachate.  
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Figure 2.1:  

Compound Class n Quala Compound Class n Quala 

Perfluoroalkylcarboxylates 3-12 Qn N-Methyl Fluoroalkyl Sulfonamido Acetic Acids 4 Sq 

PFCAs 13, 

15, 

17 

Sq MeFASAA 5-7 Sc 

8 Qn 

 14, 

16 

Ql    

     

Fluorotelomer Carboxylates 4 Sc N-Ethyl Fluoroalkyl Sulfonamido Acetic Acids 4-7 Sc 

n:2 FTCA 6, 8, 

10 

Qn EtFASAA 8 Qn 

      

      

n:2 FTUCAs  4, 

10 

Sc Disubstitued Perfluoroalkyl Phosphinic Acids 4/4 Sc 

 6, 8 Qn PFPIA 4/6 Ql 

    6/6, 

6/8, 

8/8 

Qn 

     

n:3 FTCA 3 Ql Di-Substitued Polyfluorinated Phosphate Esters 4/4, 

4/6 

Sc 

 5, 7 Qn diPAP 6/6, 

8/8 

Qn 

 9 Sc  6/8, 

8/10, 

10/10 

Ql 

      

Perfluoroalkyl sulfonate 4, 6, 

8, 

10 

Qn Fluorotelomer Mercaptoalkyl Phosphate Esters 6/6-

10/10 

Ql 

PFSA FTMAP  

 5, 7, 

9 

Ql    

      

Fluorotelomer Sulfonate 4, 8 Sq    

n:2 FTSA 6 Qn    

      

      

Fluoroalkyl sulfonamido 

acetic acids 
4-7 Sc N-ethyl perfluorooctanesulfonamidoethanol-

based polyfluoroalkyl phosphate diester 
8/8 Ql 

8 Sq 

FASAA   SAmPAP   

    

 

  

      

         

a 
‘Qn’ denotes compounds whose concentrations are quantitative (see text for 

definition); ‘Sq’ is semiquantitative, ‘Ql’ is qualitative, and ‘Sc’ is screening. 
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Figure 2.2: Typical chromatograms for select PFASs in landfill leachate. Peaks 1a–

1m corresponds with C4 PFBA to C14 PFTeDA, C16 PFHxDA, and C18 PFOcDA. 

Peaks 2a–e corresponds with C4 EtFBSAA through C8 EtFOSAA. Peaks 3a-e 

corresponds with 6:2, 6:2/8:2, 8:2, 8:2/10:2, and 10:2 diPAP. Peaks marked with * 

were spiked into leachate. 
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Figure 2.3: Molar composition in leachate by compound class. 
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Abstract: 

Environmental sample analysis by large volume injection (LVI) in 

combination with liquid chromatography tandem mass spectrometry (LVI-LC-

MS/MS) is described for polar and non-polar analytes in both aqueous samples and 

organic extracts. LVI is the direct introduction of large sample volumes (e.g. 900-

1,800 µL) into the LC for separation and subsequent detection. The practical benefits 

of LVI include faster sample preparation times, lower detection limits, and minimal 

waste generation. 

Introduction: 

Environmental sample analysis by large volume injection (LVI) in 

combination with liquid chromatography tandem mass spectrometry (LVI-LC-

MS/MS) is the direct introduction of large sample volumes (e.g. 900-1,800 µL) into 

the LC for separation and subsequent detection. The primary advantages of LVI over 

traditional off- or on-line sample preparation techniques, such as solid phase 

extraction (SPE) or liquid-liquid extraction (LLE), include decreased sample 

preparation, greater analyte mass introduced for detection (i.e. increased sensitivity), 

and less solvent and solid wastes. LVI is well suited for the concentration and 

separation of water-soluble analytes on reversed-phase guard and analytical columns 

82
, and has also been extended to organic extracts 

65
. Successful combination of LVI 

with LC-MS/MS requires an understanding of analyte properties (polarity, stability, 

etc.) and sample properties (salinity, particulate matter, matrix components, etc.)
64, 83

. 

The unique elements of several applications will be used to discuss the various 
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capabilities and limitations of LVI and are divided between aqueous and organic 

solvent injections. An Agilent 1100 HPLC, upgraded with a 900 µL analytical head 

and an extended seat capillary sample loop, was used for all methods described 

below. Lastly, a set of loading strategies designed to capture nonionic analytes from 

large volumes of organic extracts on reversed-phase columns will be described and 

experimental components will be listed. 

Aqueous Samples – Direct Injection: 

Past examples of aqueous LVI include the analysis of neurotoxins in drinking 

water, pharmaceuticals in waste water and corrosion inhibitors in surface water 
83

. 

Here, two LVI methods are presented with a focus on the important technical features 

required to inject 1,800 µL onto C18 guard and analytical columns. The LVI methods 

highlighted involve the direct injection of 1) raw wastewater for the determination of 

illicit drugs 
84

 and 2) seawater with 25 % isopropanol for the determination of the 

surfactant components in the oil dispersant Corexit 
85

. 

Prior to injection, raw wastewater is centrifuged to separate out particulate 

matter that can potentially clog columns and other LC components 
84

. Filtration is a 

commonly-employed alternative, but its suitability is method- and analyte specific 

because filter membranes can serve as a potential sink or source of analyte 

contamination 
83, 86

. SPE, however, is not limited by particulate matter and has been 

used to analyze both the aqueous and particulate bound fraction 
63

. After 

centrifugation, the raw wastewater sample is added to an autosampler vial and spiked 

with isotopically-labeled internal standards.  
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The six-port valve connections in the LC autosampler (Figure 3.1) are labeled 

either mainpass (solid red channel) or bypass mode (dashed blue channel). The 

mobile phase in mainpass mode flows sequentially through the analytical head, 

sample loop, needle, extended seat capillary sample loop and then onto the columns. 

Bypass mode directs the flow directly onto the column. Initially the LC is operated in 

bypass mode so that the needle may be inserted in the sample vial and the first 900 

µL volume is withdrawn. The needle is returned to its seat and the 900 µL of 

wastewater is then ejected into a 1400 µL extended seat capillary sample loop, which 

acts as a storage device during the withdrawal of the second 900 µL. Afterwards the 

six-port valve is switched to mainpass mode and the cumulative 1,800 µL wastewater 

sample is chased by the mobile phase out of the sample loops and onto C18 guard and 

analytical columns. After the sample is out of the sample loops the six-port valve 

switches back to bypass mode. If left in mainpass mode the gradient would travel 

through all of the mainpass tubing before reaching the column requiring that the total 

run time be extended by several minutes. 

Both the wastewater sample and initial mobile phase solvents are aqueous 

with characteristically low eluotropic strengths on reverse phase columns, such that 

methamphetamine and other illicit drugs and biomarkers are focused on the head of 

the C18 guard column. The guard column protects the analytical column and is 

preemptively replaced every 50 sample injections. This is ultimately more cost and 

time effective than using individual SPE cartridges for sample clean up and analytical 

column protection. After loading analytes onto the C18 guard and analytical columns, 

a traditional reverse-phase gradient is used to separate and elute all analytes.  
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Neither reverse-phase LVI nor SPE can selectively remove matrix 

components that co-elute with the analytes of interest. With LVI a post-column divert 

valve can be precisely controlled to divert column effluent containing sample matrix 

components away from the detector.  The control of divert valve timing is achieved 

with greater precision than the analogous wash steps used in SPE and can send all 

unfavorable effluent to waste. As will be discussed below, the post-column divert 

valve is of even greater importance with the direct injection of seawater.  

A LVI-based method was developed by Place et al., (2014) using the direct 

injection of seawater to quantify the surfactant components of Corexit: dioctyl 

sulfosuccinate (DOSS), TWEEN 80, Tween 85, and Span 80 
85

. Liquid standards of 

sorbitan monooleate (Span 80; purity: 70.5%), sorbitan monooleate polyethoxylate 

(Tween 80; purity: 74%), and sorbitan monooleate polyethoxylate (Tween 85; purity: 

67%) were obtained from Sigma Aldrich (St. Louis, MO). The direct injection of 

1,800 µL followed similar steps as described above for wastewater with two crucial 

adjustments. Open seawater does not require centrifugation and filtration was shown 

to remove the analytes of interest from solution. In addition, the Corexit surfactants 

undergo hydrophobic exclusion from aqueous solutions and exhibit significant loss 

(>50 %) to polypropylene or glass container walls within 8 hours of sampling at 

ambient temperature. To prevent analyte loss prior to analysis, seawater is diluted 

with isopropanol at the time of collection to give a final composition of 1:3 

isopropanol:seawater. Injections of 1,800 µL of the isopropanol stabilized matrix 

resulted in well-resolved peaks for anionic and nonionic surfactant classes. At higher 
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additions of isopropanol, there is no improvement of analyte stability in aqueous 

samples and peak shape begins to suffer. 

Direct injection of seawater into the LC-MS/MS system is possible without 

damaging the mass spectrometer source by using the divert valve to direct the non-

volatile salts contained in seawater to waste. The 1,800 µL injection volume (3.6 min 

loading at 0.5 ml/min) is followed by a 5.9 min ‘wash’ under the primary mobile 

phase conditions (5 % ACN and 0.5 mM NH4OAc in water). This ‘wash’ is diverted 

to waste and is sufficient to flush the non-volatile salts from the column and away 

from the mass spectrometer prior to elution of the analytes of interest. The time (5.9 

min) used to wash the salts from the seawater from the columns was evaluated by 

testing effluent fractions collected on 30 sec intervals with the addition of 100 µL of 1 

M AgNO3/0.6 M HNO3. The presence of chloride in the collected effluent was 

determined by the formation of a white AgCl precipitate, visible in aqueous solutions 

containing more than 0.1% seawater. No AgCl was observed in effluent 7.5 min after 

injection and a precautionary two minutes were added to extend the loading and wash 

period to a total 9.5 min. For this application, guard columns are replaced 

approximately every 100 injections, while the analytical column was replaced after 

approximately 1,500 injections. Analysis over 2 years and more than 5,000 injections 

did not lead to salt accumulation or corrosion in the LC-MS/MS. 

Organic Extracts – Orthogonal Chromatography:  

Sample treatment to create organic extracts is desirable if analytes are 

unstable in aqueous solution, due to hydrolysis or hydrophobic exclusion, or if the 
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sample matrices (e.g., landfill leachate) are sufficiently complex that significant 

sample cleanup is required prior to injection. Additionally, some analytes do not 

focus well on reverse-phase columns, even under high aqueous conditions and require 

a different retention mechanism. For example, per- and polyfluorinated alkyl 

substances (PFASs) present in landfill leachate are commonly concentrated by SPE 

prior to injection 
63

 due to leachate matrix complexity. Direct aqueous injection for 

PFAS analysis is additionally disadvantageous because polar PFASs do not retain 

well on reverse-phase columns and the more hydrophobic PFASs are lost from 

aqueous matrices onto autosampler vials and to the air:water interface . The two new 

strategies discussed here for the LVI of PFASs in an organic solvent extract from 

leachate include orthogonal chromatography 
87

 and online-extract dilution. 

In-line orthogonal chromatography was developed for PFASs in ethyl 

acetate/trifluoroethanol (EtOAc/TFE) extracts of landfill leachates 
87

. The orthogonal 

columns system consisted of two zirconium-modified diol (Zr-diols) guard columns 

(6 µm, 150 Å, 4.6 x 12.5 mm, Agilent) placed in-line with a Zorbax Eclipse Plus C18 

analytical column (3.5 µm, 95 Å, 4.6 x 75 mm, Agilent) (Figure 3.2).  The system 

proved capable of capturing 70 anionic PFAS from 900 µL injections of the 1,200 µL 

EtOAc/TFE extract, which is 75% of the extract volume generated.  

The PFASs are captured by the Zr-diols through interactions between the 

anionic PFASs and the zirconium d-orbitals during the 900 µL injection of the 

EtOAc/TFE extract. The trapped PFASs are then eluted from the Zr-diols by a mobile 

phase containing 50 % methanol and 5 mM ammonium acetate that then refocuses the 

majority of analytes on the C18 analytical column. PFASs are then separated by a 
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traditional reverse-phase gradient with increasing % organic (Figure 3.3). Without 

LVI, additional sample preparation steps like solvent transfer and blow-down are 

necessary to introduce sufficient analyte mass in the small injection volumes typically 

employed (e.g., 10-20 µL). Moreover, an injection of 10-20 µL of an extract 

concentrated into about 100 µL is, at most, 20 % of the total extract volume 

generated. Comparatively, LVI capitalizes on the time, effort, and labor costs 

expended during the creation of organic extracts by analyzing a greater percentage, 

while also eliminating additional steps that increase the possibility of analyte loss. 

Organic Extracts – Dilution: 

Orthogonal chromatography, as described above, is not capable of capturing 

nonionic PFASs from a large volume of organic extract. Dilution of organic extracts 

with water is one approach to perform LVI for the analysis of nonionics in organic 

extracts (e.g. pesticides in vegetable 
88

 or soil extracts 
89

). The traditional use of small 

volume injections with organic solvent extracts of high eluotropic strength achieve 

focusing of analytes on reverse-phase columns due to dilution of the small organic 

extract volume with the larger volume of initial aqueous mobile phase. In the case of 

PFAS in landfill leachates, an eight fold dilution with water would be needed to retain 

the most water-soluble, nonionic PFAS on C18 columns (e.g. MeFBSA). For 

comparable levels of sensitivity using off-line dilution, the 900 µL extract, injected 

previously, would become at least 7.1 mL and require multiple large autosampler 

vials, larger extended sample loops and a longer injection program. However, as 
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previously mentioned, many PAFSs can partition out of the bulk solution under high 

aqueous conditions. Online dilution strategies will therefore be explored. 

The objective of the following dilution-based LVI method is to utilize the 

EtOAc/TFE leachate extracts and the orthogonal Zr-diol/C18 column system for the 

analysis of nonionic PFASs. Thus the first alternative to off-line dilution, was to 

inject 900 µL in small volume ‘packets’ segmented by defined volumes (determined 

by flow rate and time) of the initial aqueous mobile phase. To minimize the overhead 

time required by the autosampler transport assembly to inject multiple small volumes, 

one volume of 900 µL was drawn up into the sample loop and loaded onto the 

column in small packets by switching back and forth between mainpass and bypass 

mode (Figure 3.2). The volume of packets is determined by the flow rate and time 

spent in mainpass mode. The flow rate while loading packets onto the Zr-diol guard 

columns and C18 analytical column was 2 mL/min and the times spent in mainpass 

and bypass mode were programmed as 0.01 and 0.3 min, respectively (Figure 3.4). 

Mainpass and bypass were switched back and forth 18 times over the first 7.5 min 

where the six-port valve was left in mainpass mode for 1 min the last time. At 8.3 min 

the gradient was started in bypass mode and the flow rate was decreased to 0.5 

mL/min. 

The solvents in the mainpass assembly are pressurized when the six-port valve 

is in mainpass mode. But when in bypass mode small volumes are lost to the waste 

line on the six-port valve as the mainpass assembly solvents depressurize and expand. 

Consequently, the six-port valve leading to waste (Figure 3.2) was plugged with a 

blanking nut to avoid losing small volumes of sample while switching between 
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mainpass and bypass mode. Because the waste line was plugged, the 900 µL of 

mainpass solvent normally ejected to waste in preparation for drawing up sample 

were instead programmed to eject into an empty sample vial. 

When samples are loaded using this on-line, packet-dilution configuration, 

both ionic and nonionic PFASs are captured and separated from landfill extracts 

(Figure 3.4). The most water soluble ionic (PFBA) and nonionic (MeFBSA) PFASs 

are successfully retained after 18 packet ‘injections’ of leachate extract.  

The LC pressure isotherm (Figure 3.4) is an important tool to aid method 

development. Pure and mixed solvents have different viscosities and therefore exert 

different corresponding back-pressures that can be used to track gradient and sample 

delivery. The saw tooth pressure profile during the first 7.5 min is evidence of extract 

solvent packets mixing with the aqueous mobile phase in the Zr-diol guard columns. 

While programmed as 0.01 and 0.3 min, the actual times spent in mainpass and 

bypass mode were calculated using the average frequency of packet mixing seen in 

the pressure isotherm and were closer to 0.028 and 0.35 min, respectively. So at 2 

mL/min the average packet was 56 µL with 700 µL of aqueous mobile phase on 

either side. The volume of mobile phase on both sides of the organic packets 

effectively dilutes the extract solvent inside the Zr-diol guard columns, thus reducing 

the eluotropic strength of the sample solvent so that focusing of the nonionic PFAS 

occurs on the C18 analytical column. The Zr-diols were more effective mixing 

chambers than other guard columns (e.g. amino propyl, C18) that required smaller 

packet volumes to focus nonionic PFASs on the head of the C18 analytical column. 

After loading nonionic PFASs the Zr-diol guard columns and C18 analytical column 
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were eluted separately and showed that anionic PFASs were focused on the Zr-diols 

and nonionic PFASs were focused on the C18 column. 

The second alternative strategy is to trap nonionic PFASs from an organic 

extract on reverse-phase columns using a variation of at-column dilution (ACD) that 

divides the flow from a single pump. ACD typically uses two pumps that 1) pushes 

the sample at a slow flow rate to the tee junction or 2) pump a weak solvent at a high 

flow rate that dilutes the sample when the two flows combine at the tee 
90

. The 

amount of sample dilution is a function of the two flow rates. ACD has been applied 

to load larger sample volumes onto columns during preparative LC 
91

 or analytical 

LC (e.g. pesticides in river water using online SPE with LC-MS/MS) 
92

. The 

advantage of divided-flow ACD is that a second pump does not need to be purchased 

and ACD is achieved using only two tee junctions and tubing of different internal 

diameters (i.d.s) (Figure 3.5). 

Chromatographic separation was accomplished using a Zorbax Eclipse Pluse 

C18 guard column (5 µm, 4.6 x 12.5 mm, Agilent) and a Zorbax Eclipse Plus C18 

analytical column (3.5 µm, 4.6 x 75 mm, Agilent). The i.d. of the tubing in between 

the tee and the autosampler six-port valve (Figure 3.5) was decreased from 0.175 to 

0.125 mm. The i.d. of the tubing connecting the two tees was 0.175 mm and the i.d. 

of the 3 cm length of tubing on the outflow of the second tee and before the C18 

guard column was large (0.76 mm) to ensure complete mixing of the two recombined 

flow-paths. Mobile phase A consisted of 3 % methanol in deionized water and mobile 

phase B consisted of 100 % MeOH and 10 mM ammonium acetate. The initial 

aqueous mobile phase flow rate was 3 ml/min for 3.5 minutes during which the 900 
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µl leachate extract was loaded onto the C18 guard column. The C18 guard column 

effluent was sent to waste for the first 3.5 min to keep the pressure low during the 

high flow rate. After 3.5 min the flow rate dropped to 0.5 mL/min and the guard 

column effluent was directed onto the analytical column.  The gradient was then 

increased to 100 % over the next 10 min and held for five min. PFASs were detected 

using a Quattro Premier XE (Waters Corporation, Milford, MA) MS/MS system, 

operated in multi-reaction monitoring mode.  

Adequate dilution of the organic extract prior to the C18 guard column is 

evidenced by nonionic peak retention and symmetry (Figure 3.6). More polar PFASs 

(e.g. PFBA) were not retained using only a C18 guard column. To capture anionic 

PFASs additional guard columns with orthogonal retention mechanisms (e.g. Zr-diol) 

can added before or after the C18 guard column with minimal increases to the back-

pressure. 

While in mainpass mode the flow divided at the first tee following the pump 

(Figure 3.5) with less mobile phase being directed through the sample loop. The 

reduced flow of mobile phase in the sample loop slowly moved the sample volume to 

where it combined with and was diluted by the rest of the flow at the second tee. The 

pressure isotherm (Figure 3.6) increased one min after switching to mainpass mode 

when the diluted 900 µL organic solvent extract first reached the guard column. After 

3.5 min the entire sample had passed through the guard column and the C18 guard 

column was once again filled with the aqueous mobile phase. For 900 µL to pass 

through the guard column in under 2.5 min the flow rate through the autosampler was 

at least 0.36 mL/min, which corresponds to a 8.3 fold dilution when combined at the 
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second tee with the rest of the 3 mL/min. Reducing the i.d. of the tubing leading to 

the six-port valve from the first tee from 0.175 to 0.125 mm effectively reduced the 

percent flow to the six-port valve from 20 to 12 % to achieve the eight fold dilution 

necessary for nonionic PFAS retention.  

The incidental introduction of foreign matter can adversely change the i.d. and 

by extension the percent flow to the six-port valve will also change 
93

. Should the i.d. 

change sufficiently samples may not be sufficiently diluted or may take longer to load 

onto the column. The risk of foreign matter introduction can be mediated by 

centrifuging or filtering samples and mobile phases. Any change of the flow division 

at the first tee will be evident in the pressure isotherm profile and clogged tubing can 

be cleared with extended flushing 
93

 or easily replaced as the divided-flow ACD 

tubing used is relatively short (< 5 cm) and therefore inexpensive. Overall, divided-

flow ACD has a simple, more universal configuration compared to ‘packet injections’ 

and exerts lower back-pressures, is faster, and can potentially inject more than 900 µL 

by using the extending capillary (Figure 3.1) used in the wastewater and seawater 

methods described above. 

Conclusion:  

LVI-LC-MS/MS offers several advantages over traditional small volume 

injection and offline sample clean-up techniques without diminished method 

performance. Direct injection LVI often requires little to no sample preparation 

reducing solid and solvent waste generation associated with traditional off-line 

sample preparation. The injection of large sample volumes is analogous to the 
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concentration step of SPE and increases the sensitivity of a given analysis by 

introducing more mass of the analytes of interest to the detector. Matrix components 

can be separated from the analytes of interest with greater specificity using LVI 

because of the control afforded by gradient elution and waste divert valves. 

Centrifugation or filtration is necessary prior to the direct injection of aqueous 

samples with suspended particulate matter, whereas some SPE-based methods 

simultaneously analyze the dissolved and particulate phases. 

When matrix complexity or analyte stability require the generation of an 

organic extract, LVI capitalizes on the time, effort, and labor costs expended by 

injecting a larger percentage of the total extract volume. LVI of organic extracts also 

shortens sample preparation without a loss in sensitivity by eliminating additional 

steps associated with small volume injections (e.g. solvent evaporation) and the 

corresponding opportunities for analyte loss. Direct injection of organic extracts onto 

orthogonal columns was sensitive and robust, but was limited to ionic analytes. 

Online dilution of organic extracts enables both ionic and nonionic analyte retention 

on reversed-phase columns and is preferable to offline dilution for analytes unstable 

in aqueous solution. Divided flow ACD required only one pump, tee junctions, and 

tubing and efficiently focused anionic and nonionic analytes onto a reverse-phased 

system. 
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Figure 3.1: Basic LVI configuration for 1800 µL injections onto a reverse-phase 

system. The six-port valve and injection assembly was adapted from Agilent 

autosampler schematics 
94

. 
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Figure 3.2: Schematic of configuration for PFAS analysis in leachate extracts. 
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Figure 3.3: Typical leachate chromatogram for select PFASs using the Zr-diol guard 

column configuration. Peaks for PFBA, PFHxS, PFOS, MeFBSAA, 6:2 DiPAP, and 

PFHxDA are labeled A-F, respectively. 
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Figure 3.4: Pressure isotherm and chromatogram for mainpass/bypass packet 

injections. Landfill leachate peaks for ionic PFASs: PFBA (A) and PFOcDA (D). 

And nonionic PFASs: MeFBSA (B) and EtFOSA (C). 
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Figure 3.5: Divided-Flow ACD schematic. The tubing internal diameters for tubing 1 

and 2 were changed from 0.175 mm to 0.125 and 0.76 mm, respectively. 
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Figure 3.6: Divided-Flow ACD pressure isotherm and chromatogram. Peaks for 

PFHxS, MeFBSA, EtFOSA, and PFOcDA are labeled A-D, respectively. 
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Abstract: 

A wide variety of consumer products that are treated with poly- and 

perfluoroalkyl substances (PFASs) and related formulations are disposed in landfills. 

Landfill leachate has significant concentrations of PFASs and acts as secondary point 

sources to surface water. Here we model how PFASs enter leachate using four lab-

scale anaerobic bioreactors filled with municipal solid waste (MSW) and operated 

over 273 days. Duplicate reactors were monitored under live and abiotic conditions to 

evaluate influences attributable to biological activity. The biologically-active reactors 

simulated the methanogenic conditions that develop in all landfills, producing ~140 

mL CH4/dry g refuse each.  Leachate collected from the biologically-active reactors 

attained PFAS composition and concentrations that fell within the observed 

distributions for leachates collected from full-scale landfills. Temporal trends in 

short-chain perfluoroakyl carboxylates and sulfonates and fluorotelomer sulfonates 

were controlled largely by abiotic leaching, whereas long-chain (>C7) homologue 

concentrations increased in biologically-active reactors due to pH and/or 

biodegradation of the MSW substrate. Dialkyl phosphates were released during the 

onset of methanogenesis, but subsequent loss may reflect biodegradation or 

adsorption to MSW. Concentrations of known biodegradation intermediates, 

including methylperluorobutane sulfonamide acetic acid and the n:2 and n:3 

fluorotelomer carboxylates, increased steadily in concentration after the onset of 

methanogenesis, with the 5:3 fluorotelomer carboxylate becoming the single most 

concentrated PFAS observed in reactor leachate. Fluorotelomer carboxylates 

represent a significant fraction of the measureable PFASs in leachates from reactors, 
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as well as full-scale landfills, and highlight the role of landfills as a source of 

fluorotelomer carboxylates. 

Introduction: 

Municipal solid-waste (MSW) management within the U.S. over the last 

century has largely involved the collection and disposal of waste in landfills.
31, 56

 Of 

the 251 million tons of MSW generated in 2012, 34.5 % by mass was committed to 

recovery options including recycling and composting, 11.7% was combusted and 

53.8% was discarded, of which a majority goes to landfills.
95

 Leachate is the water 

that percolates through the waste discarded into landfills and contains a collection of 

toxic and persistent chemicals including pharmaceuticals and other environmental 

pollutants.
31, 56, 57, 96

 Within the consortium of environmental pollutants contained in 

landfill leachate are poly- and perfluoroalkyl substances (PFASs) that are applied to a 

variety of commercial products that are commonly discarded.
8
  Most modern landfills 

include liners
97

 and collect leachate for treatment at wastewater treatment plants 

(WWTPs). However, WWTPs are reportedly not equipped to remediate many of the 

contaminants of concern in landfill leachate.
35, 98, 99

  

PFASs are of environmental and toxicological concern because of their 

ubiquity, persistence and long-chain PFAS bioaccumulation.
69

 Landfill leachate 

contains greater concentrations of PFASs than most other environmental media.
39, 40, 

87
 Perfluorooctane sulfonic acid (PFOS) production and use was restricted by the 

Stockholm Convention for Persistent Organic Pollutants in 2009,
100

 and industry has 

begun to discontinue the production of long-chain PFASs (seven or more 
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perfluorinated carbons) that are generally considered to be more toxic and 

bioaccumulative.
101

 Despite any potential phase-out of select PFASs, landfills will 

continue to act as a long-term point repository, highlighting the need for further 

investigation.
56

  

While the impact of leachate treatment technologies on PFAS concentrations 

have been studied,
33, 39, 102

 and PFASs have been identified as a source of  

groundwater contamination,
41

 no research has connected leachate PFAS composition 

and MSW under the time dependent conditions relevant to landfills. Benskin et al. 

(2012) reported that concentrations of three perfluoroalkyl carboxylic acids (PFCAs) 

were significantly correlated with pH, electrical conductivity, and 24 hour 

precipitation in leachate collected over five months from a landfill operated over 30 

years.
40

 On a smaller scale, Zhang et al. (2013) reported fluorotelomer alcohol 

(FTOH) degradation in anaerobic digester sludge under methanogenic conditions 

preferentially yielded fluorotelomer carboxylic acids (FTCAs) to PFCAs.
50

 However, 

these experiments were focused on a select subset of PFASs, were at concentrations 

substantially greater than those observed in landfills, and were performed in aqueous 

systems that are simpler than the landfill ecosystem. 

Here we constructed lab-scale reactors and filled them with shredded 

residential MSW and an anaerobic microbial inoculum. Four reactors (two 

biologically active and two killed controls) were operated to determine the roles of 

abiotic leaching and biological activity on the temporal trends and concentrations of 

70 PFASs (12 compound classes) in leachate associated with MSW. We hypothesized 

that the temporal trends of PFAS concentrations would differ between Abiotic and 
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Biotic reactors for some compound classes, such as those associated with 

biodegradation pathways (e.g. FTCAs), and not those with no known degradation 

pathways (e.g. pefluorosulfonic acids, PFSAs). 

Experimental Methods: 

MSW collection and pre-treatment. Fresh MSW was sampled from a 

transfer station after collection from residential neighborhoods. Prior to shredding in a 

slow-speed, high-torque shredder (ShredPax. Corp., AZ-7H, Wood Dale, Illinois), the 

shredder was rinsed with methanol and the MSW was sorted to remove metals with a 

diameter of >1.5 cm.  Approximately 120 L of the initially-shredded material was 

discarded to minimize contamination from previously-shredded materials. Once 

shredded to approximately 2x5 cm
2
, the MSW was collected in 200 L plastic bins 

(previously rinsed with methanol) and stored overnight at 4°C.  The following day, an 

empty storage bin was used to mix portions of two MSW sample bins to homogenize 

the sample.  The MSW was then used to fill four 8 L HDPE reactors (1-2 kg per 

reactor).  Sub-samples of refuse were collected for moisture, cellulose, and 

hemicellulose content analysis. 

Reactor operation, characterization, and sampling. Reactor materials were 

tested for background PFAS leaching using model leachate phases. No PFAS analytes 

were measured on day 30 above the limit of quantification with the exception of low 

levels of perfluorooctane sulfonate (PFOS) that were subtracted from reactor leachate 

concentrations. Reactor materials were therefore determined to largely be an 
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insignificant source of PFASs to reactor leachate (see supplemental information (SI) 

for more detail).   

Reactor construction and operation have been described previously.
103, 104

  

Following refuse addition to the reactor body, two solutions containing an anaerobic 

consortium (1 L) and a model leachate matrix (1 L) were added. The anaerobic 

consortium used to inoculate reactors was acclimated to the conversion of solid refuse 

to methane and was grown and maintained on laser print paper, with 30% recycled 

content (Office Depot, FL) that was largely PFAS-free (see SI for details). Humic 

matter (1.203 g/L), acetate (0.37 g/L), and butyrate (0.185 g/L) were obtained from 

Sigma-Aldrich Inc. (St. Louis, MO) and used to produce a synthetic leachate
57, 58

 with 

propionate (0.185 g/L) purchased from Thermo Fisher Scientific (New Jersey, U.S.). 

Deionized water (0.45 –2 L) was added in sufficient quantity to saturate the refuse 

and provide 1L of leachate in the collection bag. As a result, the shredded refuse was 

partially submerged and leachate was recirculated through the top of the reactor 

(1/wk), to enhance the rate of decomposition and to provide a saturated system for 

leachate sampling.  

Once the four reactors were constructed, two were kept biologically active 

(Biotic 1 and Biotic 2) while two received anti-microbial compounds and served as 

abiotic controls (Abiotic 1 and Abiotic 2).  The two abiotic control reactors received 

0.17 g/L streptomycin and 2 g/L 2,2-dibromo-3-nitrilopropionamide (DBNPA) 

purchased from the Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). See the SI for 

more information on the selection of anti-microbial compounds. All reactors were 



62 
 

 

6
2
 

operated in a room maintained at 37 °C past the completion of methane production in 

Biotic reactors (273 days total).  

The methods employed to measure gas volume, composition, pH, and 

chemical oxygen demand (COD) were presented previously.
104

 Measurements were 

made two to three times a week until the leachate pH was neutral, after which reactors 

were characterized weekly for the next month of operation and monthly thereafter. 

During the first two weeks of operation, Biotic 1 and 2 were neutralized with the 

addition of sodium hydroxide to accelerate the initiation of methane production. 

Reactor gas was not analyzed for PFAS content. 

Each reactor was sampled for PFAS analysis approximately every seven days 

for the first 48 d, after which leachate was collected approximately every 14 d by 

collecting 42 mL, which was then split into three 15 mL and one 50 mL centrifuge 

tube (VWR International, Radnor, PA). All samples were immediately frozen and 

stored at -4 °C. Two of the 15 mL centrifuge samples were shipped overnight on ice 

to Oregon State University where they were stored at -20 °C prior to PFAS analysis. 

To assess refuse biodegradation, the cellulose, hemicellulose and lignin 

concentrations were measured
104

 in both the fresh MSW and the refuse remaining at 

the end of reactor operation. At the end of reactor operation, the leachate was drained 

into HDPE containers and immediately frozen.  The solids were then dried to constant 

weight in methanol-rinsed pans. 

Micro-Liquid-Liquid Extraction (Micro-LLE) and Liquid 

Chromatography Tandem Mass spectrometry (LC-MS/MS). PFAS extraction and 

analysis in leachate was described previously.
87

 Briefly, leachate samples were 
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centrifuged, titrated to pH 7-8, and extracted with trifluoroethanol and ethyl acetate 

(see SI for details). Then 900 µL of the extract was injected, using orthogonal column 

chemistries to separate and tandem mass spectrometry for detection (see SI for 

details). The accuracy (internal standard relative to standard addition measured 

values) and intra- and between-day precision (relative standard deviation, RSD) for 

the whole analytical method ranged from 81–120 % and 5.5–33 %, respectively, for 

PFASs with analytical grade standards.
87

 In addition, three replicate leachate reactor 

samples were measured during the analysis of each sample set and the resulting RSDs 

were verified to be less than or equal to the reported analytical precision. Error bars in 

figures represent the combined intra- and between-day RSD for each analyte 

determined during method development.
87

 Method detection limits were low to sub-

ng/L.
87

 

Data Analysis. Concentrations for PFASs were first normalized to the initial 

reactor leachate volume by accounting for any volume changes over the course of 

reactor operation (see SI for more detail on accounting for dilution). PFAS 

concentrations were then normalized to the initial mass of MSW in each reactor 

(pmol/kg refuse dry weight), which enabled comparisons between reactors.  

Individual compounds and reactor parameters were tested for statistically 

significant correlations using Kendall rank correlation coefficient (τb).
105

 PFAS 

concentrations and reactor parameters, with less than 30% censored data, were 

determined to have a significant correlation when the absolute τb value exceeded the 

critical value for the sample size. Due to the highly interrelated nature of PFASs, only 

an absolute τb value of 0.7 or greater was considered a strong correlation. 
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Results and Discussion: 

Reactor Characterization and Anaerobic Degradation. MSW 

decomposition in the Biotic reactors progressed through the acid phase and the 

methane production phase, as is typical of U.S. landfills (Figure 4.1),
57, 58

 but on an 

accelerated time-scale (273 days instead of years). Initially, the reactor pH was acidic, 

but it reached a neutral pH in Biotic reactors while remaining acidic in the Abiotic 

reactors. Significant methane production (>10% total) began at different times for 

Biotic 1 (26–34 days) and Biotic 2 (70–82 days) with leachate pH rising above 7.5 

concurrently (Figure 4.1) and correlating significantly, τb = 0.68. The COD also 

peaked concurrent with the onset of methanogensis in Biotic reactors, but remained 

relatively steady in Abiotic reactors after day 27 (Figure A.2.2). The rise and fall of 

COD concentration in Biotic reactors represents the production of volatile fatty acids 

and subsequent consumption by the predominant methanogens in the methane phase. 

Both the methane production data (Figure 4.1) and the solids analyses confirm that 

streptomycin and DBNPA successfully inhibited decomposition in the Abiotic 

reactors.  Cellulose and hemicellulose loss, defined as the mass remaining at the end 

of reactor operation divided by the initial mass added,
106

 was an average of 21 and 

22% in Biotic reactors, and 97 and 79% in the Abiotic reactors, respectively. The 

decrease in cellulose and hemicellulose content in the Biotic reactors represents the 

readily biodegradable MSW fraction, and is typically composed of paper based 

products and food and yard waste.
106

 For purposes of brevity, and given the 

similarities in the performance of the replicate reactors, only Biotic 1 and Abiotic 1 

will be discussed in detail unless otherwise noted. 
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Temporal Trends. The concentrations and behaviors (i.e. temporal trends) of 

PFASs over the course of reactor operation will be discussed by compound class. 

Classes including perfluoroalkyl sulfonates, fluorotelomer sulfonates, and 

perfluoroalkyl carboxylates are discussed first because the behaviors of short-chain 

homologues within these classes were governed predominantly by simple abiotic 

leaching. The discussion of di-alkyl phosphates, perfluoroalkyl sulfonamides, and 

fluorotelomer carboxylates follow, because their behaviors were more complex and 

governed by multiple processes. Concentrations for PFASs that were <LOQ in > 90% 

of the reactor samples are not displayed graphically. Error bars (Figures 4.2 to 4.6 and 

A.2.3 to A.2.9) represent the combined intra- and between-day precision (RSD) of 

only the analytical method. A list of PFAS compound class names, acronyms, and 

structures can be found in the SI (Table A.2.1). 

Perfluoroalkyl sulfonates (PFSAs). Of the PFSA compound class, PFBS 

(C4) and PFHxS (C6) were present at time zero in leachate from all reactors (Figures 

4.2a, A.2.3a, and A.2.4a), consistent with their use in surfactant products
1
 and  

formulations applied to fabrics, papers, metal plating and photolithography.
107

 

Although PFBS and PFHxS may also result from the degradation of C4- and C6- 

based fluoroalkane sulfonamide derivatives,
67

 there were no statistically-significant 

differences between concentration trends in Biotic and Abiotic reactors. Thus, PFBS 

and PFHxS leachate concentrations likely result from abiotic leaching and not from 

precursor biodegradation. The C5, 7, 9, and 10 PFSA homologues were not detected 

above the LOQ and were below detection limits (LODs) in > 90% of reactor samples 

(data not shown). 
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The temporal trends of PFOS differed from those of PFBS and PFHxS with a 

significant decline in PFOS concentrations occurring immediately after the first day 

of reactor operation (Figures 4.2b and A.2.4b). The reason for the initial decrease in 

PFOS concentrations in both Biotic and Abiotic reactors is not known. It is likely 

however, that the PFOS was concentrated in a small quantity of refuse and showed up 

as a spike in the leachate until the leachate was recirculated which allowed some 

PFOS to equilibrate with the solid phase.  

The temporal trends in PFOS concentrations in both Biotic reactors differ 

significantly from those of the Abiotic reactors (Figure 4.2b and A.2.4b). The 

increase in PFOS concentrations in the Biotic reactors, relative to the Abiotic 

reactors, was concurrent with the start of methane production and the rise in pH 

(Figure 4.1). For example PFOS concentrations increased between days 14–27 in 

Biotic 1, whereas Biotic 2 concentrations increased between days 62–90. Such 

increases may result from the transformation of precursors.
67

 Alternatively, PFOS 

may be released at the onset of methanogensis (signaled by methane gas production) 

as substrates, such as paper products, begin to degrade anaerobically. Lastly, a rise in 

pH in Biotic reactors may result in organic matter deprotonation and electrostatic 

repulsion
108

 of any associated PFOS, resulting in elevated aqueous PFOS 

concentrations. 

Fluorotelomer sulfonates (FTSAs). The 6:2 and 8:2 FTSA homologues were 

present in leachate from all four reactors at time zero, indicating the association of 

FTSAs and MSW as surfactants and alternatives to PFOS in other applications.
109

 

The 4:2 FTSA homologue was not observed above the LOD in all samples and the 
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8:2 FTSA was <LOQ in >90% of samples. Temporal trends of 6:2 FTSA 

concentrations for Biotic and Abiotic reactors did not deviate significantly from each 

other (Figure A.2.3b) such that abiotic leaching from MSW likely accounts for most 

of the observed 6:2 FTSA concentrations. So, while FTSA formation due to precursor 

degradation has been suggested to be an important source of FTSAs to the 

environment,
10,38

 it did not contribute significantly to 6:2 FTSA leachate 

concentrations in this study. Likewise, FTSA persistence in leachate from both Biotic 

reactors is consistent with the observed persistence of FTSAs in oxygen-depleted 

groundwater contaminated by aqueous film forming foams.
110

 

Perfluoroalkyl carboxylates (PFCAs). The C4-12 PFCA homologues were 

detected at time zero in leachate from all reactors, which is consistent with their 

association with commercial products via surfactants and fluoropolymer production.
1
 

Temporal trends of short-chain PFCA (C4–C7) concentrations were similar in Biotic 

and Abiotic reactors (Figures 4.3a-b, A.2.3c-d, and A.2.5) indicating their presence in 

leachate results primarily from abiotic leaching.  

In contrast, PFOA concentrations increased in Biotic reactors but not in 

Abiotic reactors (Figures 4.4, A.2.3e-f, and A.2.6), occurring after day 27 in Biotic 1, 

which coincides with the onset of methanogenesis and the increase in pH (day 26–34, 

Figure 4.1). The C9 and longer PFCA homologues demonstrate similar concentration 

increases in Biotic reactors, but at lower concentrations (Figure 4.4). Such increases 

in concentration may result from substrate degradation, pH effects, and precursor 

transformation.
49

 All such long-chain PFCA increases in concentration occur 

simultaneously, but PFAS precursors typically have slower transformation rates with 
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increasing chain-lengths.
49, 67

 Zhang et al. (2013) observed that under methanogenic 

conditions, the 8:2 FTOH (PFOA precursor) half-life was approximately three times 

longer than the 6:2 FTOH half-life.
50

 And if transformation rates continue to decrease 

with increasing chain-length, then precursor transformation is not likely to have 

contributed significantly to the observed concurrent concentration increases. 

The temporal trends of C10-12 PFCA concentrations deviate from those of 

PFOA and PFNA by decreasing below the limit of quantification by day 202 in Biotic 

1 (Figure 4.4). We hypothesize that that after the release of C10-C12 PFCAs from the 

biodegraded MSW substrate, they sorb to other MSW or reactor components as 

leachate was recirculated during sampling. The C13, 14, and 16 PFCAs fell below 

their respective LOQs in >90% of samples and C15, 17, and 18 PFCAs were not 

detected in reactor leachate. The occurrence of >C12 PFCAs in the reactor leachates 

is consistent with reports of >C12 PFCAs in leachates from full-scale landfills.
33, 87

 

Because >C12 PFCAs are not often observed in natural waters,
21

 their presence may 

be due to enhanced solubility because of the rich organic matter of leachate.
57

 

Consequently, detecting up to C16 in reactor leachate speaks to the ability of the 

reactor system to model landfill leachate. 

 Di-alkyl Phosphates (DiPAPs, Di-SAmPAP, PFPiAs, and FTMAPs). Di-

substituted fluorotelomer phosphate esters (6:2 – 10:2 DiPAPs) and n-ethyl 

perfluorooctane sulfonamido ethanol-based polyfluoroalkyl phosphate diester 

(DiSAmPAP) were measured at time zero in both Biotic and Abiotic reactors (Figures 

4.5, A.2.7, and A.2.8a-b). The presence of these classes in reactor leachate during the 

first sampling event is attributable to their application to and release from commercial 
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products including paper and food packaging materials,
9
 which was estimated to 

constitute 14.8 % by mass of discarded U.S. MSW in 2012.
95

 

Over the 273 days that the reactors were in operation, DiPAP concentrations 

varied significantly, presumably due to the concurrent impacts of multiple forces. 

Initial DiPAP concentration decreases (6:2, 6/8:2, and 8:2) in both Biotic and Abiotic 

reactors (Figure 4.5) may reflect the effects of uneven initial DiPAP distribution and 

recirculation described above for PFOS. DiPAPs in Biotic reactors then follow 

temporal trends similar to those of long-chain PFCAs (C10-12) by increasing in 

concentration with the onset of methanogenesis and a pH increase (days 26–34 in 

Biotic 1) and decreasing shortly thereafter (Figure 4.5a). As there are no known 

DiPAP precursors, the increases in Biotic reactor concentrations are likely a result of 

MSW substrate degradation with the concurrent pH increase driving DiPAPs into the 

aqueous phase. DiPAPs with increasing chain-lengths remained in solution longer in 

Biotic reactors which suggests that hydrophobic sorption was not wholly responsible 

for their decreasing concentrations over time. Indeed, the prolonged presences of high 

molecular-weight DiPAPs was more consistent with observations of decreasing 

monoPAP degradation rates with increasing chain-length.
45

 

 DiSAmPAP concentrations follow similar trends to those described for 

DiPAPs, except that they start close to the limit of quantification and do not exhibit a 

dramatic initial decrease. Benskin et al. reported little to no DiSAmPAP degradation 

on marine sediments (120 d half-life), but poor degradability was attributed to strong 

DiSAmPAP sorption to particulate matter and low microbial activities in sediment.
111

 

Therefore anaerobic biodegradation may still be instrumental to the decreasing 
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DiSAmPAP concentrations in Biotic 1 (Figure 4.5) and 2 (Figure A.2.7) over time. 

Disubstituted perluoroalkyl phosphinic acids (PFPIAs) and fluorotelomer 

mercaptoalkyl phosphate esters (FTMAPs) were not detected in any reactor leachate 

sample. 

Fluoroalkyl sulfonamide acetic acid derivatives (FASAAs, MeFASAAs, 

and EtFASAAs). The C4 (data not shown) and C8 (Figure A.2.8c) ethyl fluoroalkyl 

sulfonamide acetic acids (EtFASAAs) were detected at time zero. EtFASAAs are 

associated with MSW for two possible reasons. First, EtFASAAs are the ionic 

surfactant in 3M Fluorad fluorosurfactant FC-129, which was recommended as a 

leveling agent in floor polishes.
112

 Second, EtFASAAs may result from the 

biodegradation products of N-ethyl perfluorooctane sulfonamide ethanol (EtFOSE),
66

 

which are used as paper and package protectants
16, 66

 and in the synthesis of 

DiSAmPAP.
111

  

The C4 homologue of the methyl fluoroalkyl sulfonamide acetic acid class 

(MeFASAA) was detected at time zero in Biotic and Abiotic reactors (Figure A.2.8d). 

In addition, intermittent and low concentrations of the C5 and 8 MeFASAA 

homologues were detected over the time course of the experiment (data not shown). 

The MeFASAA class may be the biotransformation products of N-methyl 

perfluorooctane sulfonamido ethanols, which are used to synthesize polymeric 

surface treatment products for carpets and textiles,
10

 in a manner analogous to the 

degradation of EtFOSE. The detection of MeFASAAs in time zero samples from 

Biotic and Abiotic reactors may result from aerobic precursor biodegradation prior to 

reactor loading. Residential MSW is collected weekly and, under moist aerobic 
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conditions, could biodegrade for up to 7 days prior to the sampling and reactor 

loading. 

Unsubstituted fluoroalkyl sulfonamide acetic acids (FASAAs) are metabolites 

of both Me- and EtFASAAs,
16

 but were not observed in any reactor and may indicate 

that precursors, such as Me- and EtFASAAs, degrade very slowly under anaerobic 

conditions. Rhoades et al. (2008) found that even under aerobic conditions, EtFOSAA 

degradation was the rate limiting step in the conversion of EtFOSE to PFOS and that 

EtFOSAA was ultimately the major degradation product.
66

  

In both Biotic and Abiotic reactors, EtFOSAA concentrations followed 

temporal trends similar to those of PFOS by decreasing to below the limits of 

detection before increasing significantly with the onset of methanogensis in Biotic 

reactors (Figure A.2.8c). EtFOSAA concentrations then stabilized and remained 

relatively constant for the remainder of reactor operation. EtFOSAA concentrations 

were significantly correlated with DiSAmPAP (τb = 0.61) in Biotic reactors, 

suggesting that these two forms may originate from a common source and are 

impacted by similar processes. The C4 EtFASAA fell below the LOQ in >90% of 

samples and the C5–7 EtFASAAs were not detected in >90% of reactor samples. 

In contrast, MeFBSAA concentrations increased steadily after the onset of 

methanogenesis in Biotic 1, but not in Biotic 2, while no significant production of 

MeFBSAA occurred in either Abiotic reactor (Figure A.2.8d). The steady increase in 

MeFBSAA concentrations in Biotic 1 likely result from the continuous 

transformation of precursor compounds. The most plausible explanation for the 
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disagreement between Biotic 1 and 2 temporal trends is that Biotic 1 contained a 

source of MeFBSAA not found in Biotic 2 and possibly Abiotic 1 and 2. 

Fluorotelomer carboxylic acids.  The 6:2 fluorotelomer carboxylic acid 

(FTCA), unsaturated fluorotelomer carboxylic acid (FTUCA) and 5:3 FTCA were 

present at time zero in Biotic and Abiotic reactors (Figures 4.6, A.2.8f, and A.2.9). 

The fluorotelomer carboxylates are products of fluorotelomer-based compound 

degradation,
45, 48, 50

 and their detection at time zero indicated that aerobic precursor 

transformation may have occurred prior to MSW sampling and reactor loading as 

described previously. Additionally, 6:2 FTCA may have found a place in commercial 

applications as an alternative to PFOA based processing aids.
29

 The 4:2, 8:2, and 10:2 

FTCAs and FTUCAs, as well as 3:3 and 9:3 FTCAs, were largely not detected in 

reactor leachate and never appeared above their respective LOQs. 

 The 5:3 FTCA concentrations remained constant initially and then increased 

with 6:2 FTCA after the onset of methanogenesis in Biotic reactors (Figures 4.6 and 

A.2.9). The 6:2 FTUCA (Figure A.2.8f) was detected less frequently in reactors and 

was highest in concentration at latter time points when 6:2 and 5:3 FTCA 

concentrations were greatest. As anaerobic degradation products of 6:2 FTOH, the 

greater abundance of 6:2 and 5:3 FTCA relative to 6:2 FTUCA and PFHxA is 

consistent with the corresponding molar yields reported by Zhang et al. (2013).
50

 The 

6:2 and 6/8:2 DiPAPs measured in reactor leachate are potential FTCA precursors, 

but could only account for less than 20% of FTCAs formed on a molar basis, 

indicating the presence of other precursors unmeasured in reactor leachate. By day 

273 5:3 FTCA became the single most concentrated PFAS in Biotic 1 and 2 (14,000 
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and 5400 pmol/kg respectively). The disparity between final 5:3 concentrations in 

Biotic 1 and 2 is potentially a result of the delayed microbial activity in Biotic 2 

relative to Biotic 1 (Figures 4.1 and A.2.2) which began and ended later than Biotic 1 

by approximately 40 and 100 days respectively (as indicated by methane production). 

Had Biotic 2 been operated longer, 5:3 FTCA concentrations may have increased in 

Biotic 2 to a similar magnitude. Indeed, production stalled temporarily in Biotic 1 

from day 90 to 133 (Figure 4.6a) similarly to days 202 to 273 in Biotic 2 (Figure 

A.2.9a). 

Similar to 5:3 FTCA, 7:3 FTCA (τb = 0.80, Biotic reactors) increased steadily 

in concentration in Biotic 1 and 2 respectively, but remained below detection limits in 

Abiotic reactors (Figure A.2.8e). MeFBSAA (Figure A.2.8d) also had a strong 

positive correlation with 5:3 FTCA, τb = 0.85, but only in Biotic 1 (no significant 

correlation in Biotic 2) indicating that 7:3 FTCA and MeFBSAA increases resulted 

from similar processes, namely methanogenic biotransformations. 

Reactor and landfill leachate percent composition of PFAS classes. The 

summed PFAS class concentrations were generally of low abundance in reactor 

leachate relative to landfill leachate, which was not surprising as reactors contained a 

higher leachate volume relative to mass of MSW than some landfills. Therefore the 

summed molar composition of PFAS classes (% of total) were used to better compare 

Biotic reactor and landfill leachate from six U.S. landfills previously analyzed for the 

same compounds (Table 4.1).
87

 In general, the median and ranges of PFAS class 

compositions in reactors were comparable to those of U.S. landfill leachate samples, 

with only two exceptions; DiPAPs and DiSAmPAP had greater relative abundances 
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in Biotic reactors than landfill leachate, but by the end of reactor operation both of 

these classes had decreased substantially in concentration and more closely resembled 

the composition of mature landfill leachate. Because both anaerobic biodegradation 

(Figure 4.1) and PFAS class composition (Table 4.1) compare well with landfill 

conditions, the phenomena and factors impacting PFAS concentrations in reactors 

represent an important insight into the processes occurring in landfills. 

Environmental Implications:  

The study of MSW biodegradation in lab-scale reactors elucidated the 

combined effects of multiple potential factors that contribute to PFAS concentrations 

in landfill leachate including abiotic leaching, pH, substrate  (e.g., paper) as well as 

precursor biodegradation, and sorption.  PFCAs and PFSAs demonstrated chain-

length specific behavior where abiotic leaching accounted for the temporal trends of 

short chain-length concentrations, but long-chain homologues increased in 

concentration concurrent with the onset of methanogenesis. DiPAPs and DiSAmPAP 

also increased in concentration in Biotic reactors, but are susceptible to 

biodegradation which would explain their subsequent decrease in the Biotic reactor 

concentrations and their relative absence from full-scale landfills. The anaerobic 

degradation of fluorotelomer based compounds leads to the most dramatic differences 

between Biotic and Abiotic reactors as evidenced by the increases measured in 

saturated and unsaturated FTCAs. The 6:2 and 5:3 FTCAs were the two most 

concentrated PFASs, measured at 4700 and 14000 pmol/kg, respectively (Biotic 1). 

The abundance of FTCAs is significant given reports that they are several orders of 
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magnitude more toxic to freshwater organisms than PFCAs.
113

 To the extent that 

studies of MSW systems fail to include FTCA analysis, the results may significantly 

underestimate the PFAS load and toxicity. Ultimately, landfills are likely to act as 

long-term sources of PFASs to the environment and additional studies of PFAS 

behavior and biodegradation under anaerobic conditions are needed. 
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Table 4.1: PFAS percent composition in biologically-active reactors (Biotic 1 and 2) 

and U.S. landfill leachate (n=6) by compound class. Landfill leachate PFAS data 

summarized from Allred et al. (2014).
87

 

 PFAS Class Molar Contributions (%) 

PFAS Class Biotic Reactors  

Median (Min-Max) 

Landfill 

Median (Min-Max) 

PFSA 4.3 (1.3-16) 5.2 (2.5-8.5) 

n:2 FTSA 0.6 (ND-1.8) 1.0 (0.3-1.6) 

PFCA 50 (15-84) 45 (20-88) 

PFPIA ND (ND-ND) ND  (ND-<LOQ) 

DiPAP 4.7 (0.3-17) 0.1 (ND-0.2) 

FTMAP ND (ND-ND) ND  (ND-<LOQ) 

DiSAmPAP 0.2 (ND-0.8) 0.03 (ND-0.03) 

FASAA ND (ND-ND) 0.1 (ND-0.4) 

MeFASAA 1 (ND-4.3) 7.4 (3.0-8.8) 

EtFASAA 0.3 (ND-1.3) 0.5 (0.1-1.5) 

n:2 FTCA 6.6 (ND-25) 3.1 (0.1-43) 

n:2 FTUCA ND  (ND-8.8) 0.04 (ND-0.2) 

n:3 FTCA 26 (4.0-60) 29 (2.3-44) 

*Not detected (ND), less than the limit of quantification (<LOQ), Biotic Reactor 

median is the averaged median of Biotic 1 and 2. 
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Figure 4.1: Cummulative methane production (a) and pH (b) in Biotic and Abiotic 

reactors.  
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Figure 4.2: Concentrations for PFHxS (a) and PFOS(b) in Biotic 1 and Abiotic 1 

reactor leachate. Error bars are the inter- and intra-day variability determined for 

method performance and verified or substituted during each sample set analyzed. 
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Figure 4.3: Concentrations of PFBA and PFHxA (short-chain PFCAs) in Biotic 1 and 

Abiotic 1 reactor leachate. Concentrations less than or equal to the limit of 

quantification (≤LOQ) are plotted graphically as ½ the calculated LOQ. Error bars are 

the combined intra- and between-day RSD of the analytical method for each analyte. 
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Figure 4.4: Temporal trends for long-chain PFCAs including PFOA, PFNA, and 

PFDA in Biotic 1 and Abiotic 1 reactor leachate. The log10 of concentrations were 

used (e.g. log10(540 pmol/kg) = 2.73) to include multiple PFCAs without obsuring 

analyte trends. Concentrations less than or equal to the limit of quantification (≤LOQ) 

are plotted graphically as log10 of ½ the calculated LOQ. Error bars are the combined 

intra- and between-day RSD of the analytical method for each analyte. 
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Figure 4.5: Concentrations of 6:2, 8:2, 8/10:2 DiPAP and DiSAmPAP in Biotic 1 (a) 

and Abiotic 1 (b) reactor leachate. Error bars are the combined intra- and between-

day RSD of the analytical method for each analyte. 
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Figure 4.6: Concentrations of 6:2 and 5:3 FTCA in Biotic 1 and Abiotic 1 reactor 

leachates. Error bars are the combined intra- and between-day RSD of the analytical 

method for each analyte. 
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CHAPTER 5: CONCLUSION 

 

Compared to highly-fluorinated polymers, PFASs are mobile in aquatic 

natural and engineered systems. The application of PFASs to commercial products 

and their subsequent disposal into landfill systems renders landfills a significant point 

sources of PFASs to the environment. 

Chapter 2 described a micro-LLE approach for the analysis of 70 PFASs in 

landfill leachates that was faster (12 samples extracted/hr) than past sample 

preparation techniques and that created less organic solvent (0.62 mL total) and solid 

(2 centrifuge vials and pipet tips) waste. By injecting 900 µL, more PFASs were 

introduced for detection.  Injecting 75% of the total extract volume was time and cost 

effective given the labor involved in extract generation when compared to most 

methods that inject <10% of the total extract volume.  The orthogonal column 

chemistries of the two Zr-diol guard columns and C18 reversed-phase analytical 

column allowed for the selective trapping and separation of very water soluble to very 

hydrophobic PFASs in a single analysis.  

Chapter 2 and 3 described the advantages of LVI that included capitalizing on 

the time, effort, and labor costs expended by injecting a larger percentage of the total 

extract volume. Consequently, less sample was needed to achieve comparable 

detection limits. LVI of organic extracts also shortened sample preparation without a 

loss in sensitivity by eliminating additional steps associated with small volume 

injections (e.g. solvent evaporation) and the corresponding opportunities for analyte 
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loss. Direct injection of leachate extracts onto orthogonal columns was sensitive and 

robust, but was limited to ionic PFASs.  

Chapter 3 described alternative online dilution approaches for organic extracts 

that enabled both ionic and nonionic PFAS retention on reverse-phase columns and 

was preferable to offline dilution for analytes unstable in aqueous solution. Divided 

flow at column dilution (ACD) required few hardware changes and efficiently 

focused neutral and charged PFASs onto only reverse-phase columns without adding 

back pressure or increasing loading times. 

The developed method based on LVI and orthogonal chromatography was 

then successfully applied to complex landfill leachates with accuracy, precision and 

EMDLs that are comparable to those reported for previous methods. Leachates 

contained a wide variety of chain lengths within each PFAS compound class, 

including some that have not been previously measured such as 4:2 FTCA, 4:2 

FTUCA, n:3 FTCAs, 4:2 FTSA, PFPIAs, diPAPs, FTMAPs and SAmPAP. The 5:3 

FTCA was found at higher concentrations than any other single PFAS (excluding site 

F) and is a member of the fluorotelomer carboxylate class, which makes up a 

significant fraction of the total measureable PFASs in landfill leachate.  In order to 

close the mass balance on highly-fluorinated substances in landfill leachates, future 

research should involve the non-targeted analysis of PFASs in landfill leachate using 

high-resolution mass spectrometry with appropriate data mining techniques.  

Chapter 4 describes the use of lab-scale reactors to simulate the geochemical 

conditions and processes occurring in landfills.  Under methanogenic conditions, 

MSW underwent successful anaerobic biodegradation in the two biologically-active 
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reactors, while the abiotic reactors remained inactive.  Multiple potential factors 

contributed to the temporal trends in PFAS concentrations in reactor leachate, 

including abiotic leaching, pH, MSW substrate degradation, sorption, and precursor 

transformation. Methanogenic conditions that inherently occur in landfills increased 

the PFAS concentrations of leachate. This finding is important when considering that 

landfills collect and typically export leachate to WWTPs, which do not significantly 

remove many PFASs.
35

  Classes including the PFCAs and PFSAs demonstrated 

chain-length specific temporal trends, where abiotic leaching explained the behavior 

of short-chain homologues, but long-chain homologues increased in concentration 

concomitant with the onset of methanogenesis.  Classes including the DiPAPs and 

Di-SAmPAP also increased in concentration in biologically-active reactors, but are 

susceptible to biodegradation and sorption, which may explain decreases in 

concentration and their relative absence in leachate from full-scale landfills. The 

fluorotelomer carboxylate classes experienced the greatest rises in concentrations, 

presumably due to precursor biotransformation. The 6:2 and 5:3 FTCAs were the two 

most concentrated PFASs in leachate from biologically-active reactors, which is 

consistent with their occurrence as the most abundant class in leachate from full-scale 

landfills. Therefore, landfill leachate analyses that do not include these important 

compound classes may grossly underestimate the total PFAS burden emanating from 

landfills. Additional research on the anaerobic biodegradation of MSW materials and 

PFAS precursors will aid in further identifying which consumer products and 

biological processes contribute significantly to PFAS concentrations in leachate. 

Likewise, non-target analysis of PFASs in reactor leachates collected from mixed and 
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single component refuse will aid in the identification of PFASs likely to leach from 

consumer products and enter the environment via landfill leachate.  
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APPENDICES 

Appendix 1 – Supporting Information – Orthogonal Zirconium Diol/C18 Liquid 

Chromatography–Tandem Mass Spectrometry Analysis of Poly and 

Perfluoroalkyl Substances in Landfill Leachate: 

Reagents. Hydrochloric acid was purchased from BDH Chemicals (VWR, 

Radnor, PA). Sodium hydroxide was purchased from Fluka Analytical (Sigma 

Aldrich, St. Louis, MO). Trifluoroethanol (99%, TFE) was purchased from Fluka 

Analytical, ethyl acetate (99.9%, reagent grade) from Sigma Aldrich, HPLC grade 

water (>99.9%, high purity) from Burdick and Jackson (Muskegon, MI) and 

methanol (>99.9%, LC/MS grade) was purchased from Fisher Scientific (Hampton, 

NH). 

Standards were stored in methanol at 4 °C, except for n:2 FTCA native and 

mass-labeled standards which were stored in isopropanol for greater stability.
114

  

 Internal Standard Background. Solvent blanks spiked only with the 

isotopically-labeled internal standards gave disernable levels of PFBA, PFUnDA and 

PFHxS analytes. The low but detected levels of PFBA, PFUnDA and PFHxS were all 

less than the limit of quantification (LOQ) and fell within the manufacturer prescribed 

standard of quality (>98% chemically pure). The peak areas of PFBA, PFUnDA and 

PFHxS occurred at constant ratios relative to their isotopically-labeled internal 

standards below 1, 0.3 and 1.3%, respectively. Consequently, the signal baseline for 

these three analytes was increased uniformly throughout standards and samples such 

that calibration integrity was maintained. The EMDLs for PFUnDA and PFHxS were 
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raised, as necessary, to concentrations that corresponded to peak areas greater than 

0.3, and 1.3% of their corresponding internal standards. The low levels of PFBA 

detected in blanks due to the addition of internal standards were never observed in 

samples or method, field and trip blanks because of the lower extraction efficiency for 

PFBA (Table 2.1) so the EMDL of PFBA was not adjusted.  

 Sampling and Storage Protocol. Sample transport and storage protocol were 

investigated by spiking 700 mL of leachate immediately after collection with PFAS 

reference materials in the field at site C to give a minimum of 500 ng/L concentration. 

The spiked leachate was swirled for 3 min and then split into multiple 50 mL 

centrifuge tubes. One set of samples (n = 4) was left unfrozen for 5 days prior to 

extraction to simulate a worst case scenario. The remaining spiked leachate replicates 

were frozen on site with dry ice, transported to Oregon State University and stored at 

-20 °C, until extracted. One set of frozen spiked replicates (n = 4) was extracted and 

analyzed within 10 hrs of sampling and the remaining frozen spiked replicates were 

analyzed at  2, 5, 14, and 146 days  (n = 4, each). Concentrations of the less 

hydrophobic PFASs in frozen and unfrozen samples  agreed within the 95% 

confidence interval over the fivemonths investigated. Spiked concentrations of 

hydrophobic PFASs (11 dialkyl phosphates, C12-C18 PFCAs, PFDS, FOSAA, 

EtFOSAA, and MeFOSAA) declined over the 150 day storage period, presumably 

due to sorption onto particulate matter or the sample bottle. For this reason, the 

reported concentrations in Table 2.3 for these analytes are potentaily conservative. 

 Extract Storage Stability. Extract stability was evaluated by first pooling a 

set of leachate extracts and then splitting the large extract into 20 autosampler vials. 
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The extracts were stored at  4 °C and analyzed over the course of 6 days. All PFAS 

concentrations agreed within the 95% confidence interval about day zero indicating 

extract integrity up to six days prior to analysis. All samples were subsequently 

analyzed within six days of extraction. 

 HPLC Modification and Operation. To diminish background PFAS signal 

the HPLC was retrofitted by replacing the Teflon solvent delivery lines with Peek and 

stainless steel tubing. Additionally, the autosampler rotor seal was replaced with a 

Peek rotor seal (Agilent part # 0101-1255). To separate background PFASs, 

originating from within the HPLC, from injected PFASs, a Zorbax SAX guard 

column (5 µm, 70 Å, 4.6 x 12.5 mm, Agilent) and a Zorbax Eclipse Plus C18 column 

(3.5 µm, 95 Å, 4.6 x 50 mm, Agilent) were added upstream from the injector but after 

the pump purge valve. Despite having two columns before the autosampler and three 

after, the back pressure equilibrated at 50 bar at 0.5 ml/min and 100% mobile phase 

A.  

The 40 min chromatographic run time is necessary for the quantifiable 

detection of PFASs. The PFAS peaks were separated so that the dwell time spent 

monitoring a given analyte would exceed the minimum (manufacturer recommended 

time) required for quantification. The extended run time was also a result of necessary 

procedures to prevent carry over (see below). A 40 min run time was employed by 

Busch et al.
33

 but for the analysis of only 43 PFASs. 

After all PFASs have eluted at 32 min, the mobile phase (100% B) is 

redirected through the sample loop for six min in order to reduce carryover as part of 

the method gradient program. At 38 minutes after sample injection, gradient is 
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switched back to 100% A (3 % methanol, water) to replace mobile phase B 

throughout the sample loop, columns and valves. With these precautions, no carry 

over was observed for any Qn or Sq PFASs following a 200 ng/L calibration 

standard. Solvent blanks following a 800 ng/L standard had signals < LOQ for 

PFOcDA, PFDS, and MeFOSAA, and slightly > LOQ for EtFOSAA, 6:2 diPAP, and 

8:2 diPAP. However, concentrations for these six PFASs did not occur in leachate at 

sufficiently high levels to elicit carry over. 

 Qualitative (Ql) and Screening (Sc) Concentrations. Qualitative and Sc 

analyte concentrations were estimated assuming an equal molar response as that for 

select calibration reference compounds (see Table A.1.2). For example, the signal for 

6:2/8:2 diPAP was divided by the same internal standard as that used to calibrate 6:2 

diPAP ([
13

C4]-6:2 diPAP). The resulting response factor was fitted to the calibration 

curve derived by 6:2 diPAP and a concentration calculated as if 6:2/8:2 diPAP was 

6:2 diPAP. Concentrations for 4:2 FTCA were estimated using the m/z 277 → m/z 63 

transition and fitted it to calibration curves based on the 6:2 FTCA transition m/z 377 

→ m/z 63 instead of the m/z 377 → m/z 293 transition, because an earlier-eluting 

peak gave a response to the m/z 277 → m/z 193 transition. 

Despite having an analytical standard, concentrations of 3-perfluoropropyl 

propanoate (3:3 FTCA) were classified as qualitative (Ql). Standard addition 

experiments did not give good agreement with concentrations determined calibration 

curves based on FPrPA as a calibration reference compound and [
13

C2]FHEA as 

internal standard. In order to quantify 3:3 FTCA in leachate, an isotopically-labeled 

internal standard would be necessary, but is not currently available. Nevertheless, 3:3 
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FTCA has not been analyzed in landfill leachate previously and its qualitative 

measurement is a potential indicator of the environmental transformations occurring 

under anaerobic landfill conditions.  

 Extraction Efficiency. Leachate contained naturally abundant PFASs so that 

native PFAS standards were not be used to measure the efficiency of the micro-LLE 

and isotopically-labeled internal standards were used instead. Leachate was spiked 

with internal standards before (n=4) or after (n=4) sample extraction. Assuming that 

matrix effects were equal among the replicate leachate extracts, the area counts of 

internal standards spiked prior to extraction were divided by those for internal 

standards spiked after extraction to calculate extraction efficiency. 

 Guard Column Selection. To evaluate guard column suitability, preliminary 

experiments were performed with only PFCAs and PFSA standards in ethyl acetate. 

Standards were injected (900 µL) onto guard columns of various functionalities 

including C18, silica, cyano, diol, zirconium modified diol (Zr-diol), primary (WAX) 

and tertiary amine ion exchange in the absence of a C18 analytical column. The initial 

gradient mobile phase consisted of 5% methanol in water at 0.5 mL/min and after 7 

min the percent methonal was raised to 100%. The mobile phase NH4Ac 

concentrations were varied from 0–10 mM in order to identify threshold 

concentrations necessary to elute PFCAs and PFSAs. Theoretical plate counts were 

calculated for PFOA at 0.5 mL/min of 100 % methanol and 10 mM NH4Ac to further 

quantify guard column performance. The Zr-diol and WAX guard columns had 5357 

and 1270 theoretical plates, respectively. 
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⁄    

   number of theoretical plates 

    analyte retention time (min) 

    peak width at half height (min) 

 The C18 and silica guard columns acted as negative controls because they did 

not retain PFCAs and PFSAs from 900 µL of ethyl acetate. The cyano and diol guard 

column without zirconium-modified surfaces also were unable to retain PFCAs and 

PFSAs. Both the Zr-diol and anion exchange guard columns (primary and tertiary 

amines) retained PFCAs and PFSAs. However, the anion exchange guard columns 

did not efficiently release longer PFCAs like PFOcDA (Table A.1.1). Therefore, Zr-

diol was selected for optimization of PFAS analysis in leachate extracts. During 

routine operation, Zr-diol guard columns were replaced every 50 samples during 

routine method operation.   
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Analyte Backe et al. applied to leachate (ng/L) Current Method (ng/L) 

PFBA EMDL > 1000  EMDL = 18  

PFPeA EMDL > 500  EMDL = 7.9 

PFHxDA Unresolved from baseline
b 

EMDL = 0.17 

PFOcDA Unresolved from baseline
b 

EMDL = 0.2 

PFBS EMDL > 100  EMDL = 0.78 

4:2 FTSA EMDL > 100  EMDL = 1.5 

6:2 diPAP Unresolved from baseline
b 

EMDL = 0.43 

8:2 diPAP Unresolved from baseline
b 

EMDL = 0.18 
a
The performance for landfill leachates of the method developed by Backe et al.

65
 was 

evaluated for PFCAs, PFSAs, n:2 FTSAs, and diPAPs. 
b
Unresolved from baseline indicates that analytes were retained too well by the amino 

guard column and underwent extreme band broadening so that they could not be 

analyzed by the method described in Backe et al.
65

 

Estimated method detection limit (EMDL).  
  

Table A.1.1: Method comparison with Backe et al.
65

 for select PFASs
a
. 
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Analyte Acronym PI* 

(m/z) 

CV* 

(V) 

FI-1* 

(m/z) 

CE*  

(eV) 

FI-2* 

(m/z) 

CE* 

(eV) 

Internal Std Calibration 

Reference 

Qual* 

Perfluorobutanoic acid PFBA 213 20 169 8 n/a n/a [13C4] PFBA PFBA Qn 

Perfluoropentanoic acid PFPeA 263 20 219 8 n/a n/a [13C3] PFPeA PFPeA Qn 

Perfluorohexanoic acis PFHxA 313 20 269 8 119 22 [13C2] PFHxA PFHxA Qn 

Perfluoroheptanoic acid PFHpA 363 20 319 8 169 14  [13C4] PFOA PFHpA Qn 

Perfluorooctanoic acid PFOA 413 20 369 8 169 18 [13C4] PFOA PFOA Qn 

Perfluorononaoic acid PFNA 463 22 419 8 169 18 [13C5] PFNA PFNA Qn 

Perfluorodecanoic acid PFDA 513 22 469 10 269 18 [13C2] PFDA PFDA Qn 

Perfluoroundecanoic acid PFUnDA 563 22 519 10 169 22 [13C2] PFUnDA PFUnDA Qn 

Perfluorododecanoic acid PFDoDA 613 22 569 10 169 24 [13C2] PFDoDA PFDoDA Qn 

Perfluorortridecanoic acid PFTriDA 663 24 619 12 169 26 [13C2] PFDoDA PFTriDA Qn 

Perfluorotetradecanoic acid PFTeDA 713 24 669 12 169 26 [13C2] PFDoDA PFTeDA Sq 

Perfluoropentadecanoic acid PFPeDA 763 25 719 12 169 28 [13C2] PFDoDA PFTeDA Ql 

Perfluorohexadecanoic acid PFHxDA 813 25 769 12 169 30 [13C2] PFDoDA PFHxDA Sq 

Perfluoroheptadecanoic acid PFHpDA 863 25 819 13 169 30 [13C2] PFDoDA PFHxDA Ql 

Perfluorooctadecanoic acid PFOcDA 913 25 869 15 169 30 [13C2] PFDoDA PFOcDA Sq 

2-perfluorobutylethanoic acid 4:2 FTCA 277 20 63 7 193 23 [13C2] 6:2 FTCA FHEA Sc 

2-perfluorohexylethanoic acid 6:2 FTCA 377 20 293 22 63 7 [13C2] 6:2 FTCA FHEA Qn 

2-perfluorooctylethanoic acid 8:2 FTCA 477 20 393 20 63 10 [13C2] 8:2 FTCA FOEA Qn 

2-perfluorodecylethanoic acid 10:2 FTCA 577 20 493 18 63 10 [13C2] 10:2 FTCA FDEA Qn 

2H-perfluoro-2-hexenoic acid 4:2 FTUCA 257 19 193 16 143 33 [13C2] 6:2 FTUCA FHUEA Sc 

2H-perfluoro-2-octenoic acid 6:2 FTUCA 357 18 293 17 243 34 [13C2] 6:2 FTUCA FHUEA Qn 

2H-perfluoro-2-decenoic acid 8:2 FTUCA 457 22 393 17 343 36 [13C2] 8:2 FTCA FOUEA Qn 

2H-perfluoro-2-dodecenoic acid 10:2 FTUCA 557 24 493 17 443 38 [13C2] 10:2 FTCA FOUEA Sc 

3-Perfluoropropyl propanoic acid (3:3) 3:3 FTCA 241 19 177 7 117 24 [13C2] 6:2 FTCA FPrPA Ql 

*PI (precursor ion), CV (cone voltage), FI (fragment ion), CE (collision energy), Qn (quantitative), Sq (semiquantitative), Ql 

(qualitative), Sc (screen) 

Table A.1.2: Analyte names, acronyms, acquisition masses, parameters and calibration references. 
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Table A.1.2 (Continued): 
Analyte Acronym PI* 

(m/z) 

CV* 

(V) 

FI-1* 

(m/z) 

CE*  

(eV) 

FI-2* 

(m/z) 

CE* 

(eV) 

Internal Std Calibration 

Reference 

Data 

Quality* 

3-Perfluoropentyl propanoic acid (5:3) 5:3 FTCA 341 19 237 14 217 24 [13C2] 6:2 FTCA FPePA Qn 

3-Perfluoroheptyl propanoic acid (7:3) 7:3 FTCA 441 19 337 13 317 23 [13C2] 8:2 FTCA FHpPA Qn 

3-Perfluorononyl propanoic acid (9:3) 9:3 FTCA 541 19 437 14 417 23 [13C2] 10:2 FTCA FHpPA Sc 

Perfluorobutane sulfonate PFBS 299 50 80 32 99 26 [18O2] PFHxS PFBS Qn 

Perfluoropentane sulfonate PFPS 349 54 80 34 99 27 [18O2] PFHxS PFHxS Ql 

Perfluorohexane sulfonate PFHxS 399 58 80 36 99 28 [18O2] PFHxS PFHxS Qn 

Perfluorheptane sulfonate PFHpS 449 64 80 46 99 32 [13C2] PFOS PFOS Ql 

Perfluorooctanesulfonic acid PFOS 499 70 80 46 99 34 [13C2] PFOS PFOS Qn 

Perfluorononane sulfonate PFNS 549 73 80 49 99 35 [13C2] PFOS PFDA Ql 

Perfluorodecane sulfonate PFDS 599 76 80 52 99 36 [13C2] PFOS PFDA Qn 

4:2 fluorotemomer sulfonate 4:2 FTSA 327 42 81 26 307 19 [13C2] FTSA 4:2 FtS Sq 

6:2 fluorotemomer sulfonate 6:2 FTSA 427 42 81 28 407 22 [13C2] FTSA 6:2 FtS Qn 

8:2 fluorotemomer sulfonate 8:2 FTSA 527 48 81 33 507 24 [13C2] FTSA 8:2 FtS Sq 

Perfluorobutane sulfonamido acetic acid FBSAA 356 35 298 20 78 30 [13C2] PFHxA MeFBSAA Sc 

Perfluoropentane sulfonamido acetic acid FPeSAA 406 37 348 22 78 32 [13C2] PFHxA MeFBSAA Sc 

Perfluorohexane sulfonamido acetic acid FHxSAA 456 40 398 24 78 35 [2H3] MeFOSAA FOSAA Sc 

Perfluoroheptane sulfonamido acetic acid FHpSAA 506 42 448 25 78 37 [2H3] MeFOSAA FOSAA Sc 

Perfluorooctane sulfonamido acetic acid FOSAA 556 45 498 27 78 40 [2H3] MeFOSAA FOSAA Sq 

Methyl perfluorobutane sulfonamido acetic acid MeFBSAA 370 28 219 18 283 13 [13C2] PFHxA MeFBSAA Sq 

Methylperfluoropentane sulfonamido acetic acid MeFPeSAA 420 29 269 18 169 24 [13C2] PFHxA MeFBSAA Sc 

Methyl perfluorohexane sulfonamido acetic acid MeFHxSAA 470 31 319 19 169 26 [2H3] MeFOSAA MeFOSAA Sc 

Methyl perfluoroheptane sulfonamido acetic acid MeFHpSAA 520 32 369 19 169 28 [2H3] MeFOSAA MeFOSAA Sc 

Methylperfluorooctane sulfonamido acetic acid MeFOSAA 570 34 419 20 169 30 [2H3] MeFOSAA MeFOSAA Qn 

Ethylperfluorobutane sulfonamido acetic acid EtFBSAA 384 28 219 18 326 18 [13C2] PFHxA MeFBSAA Sc 

*PI (precursor ion), CV (cone voltage), FI (fragment ion), CE (collision energy), Qn (quantitative), Sq (semiquantitative), Ql 

(qualitative), Sc (screen) 



 
 

 

1
0
2
 

Table A.1.2 (Continued): 
Analyte Acronym PI* 

(m/z) 

CV* 

(V) 

FI-1* 

(m/z) 

CE*  

(eV) 

FI-2* 

(m/z) 

CE* 

(eV) 

Internal Std Calibration 

Reference 

Data 

Quality* 

Ethylperfluoropentane sulfonamido acetic acid EtFPeSAA 434 29 269 18 376 18 [13C2] PFHxA MeFBSAA Sc 

Ethylperfluorohexane sulfonamido acetic acid EtFHxSAA 484 31 319 19 426 19 [2H5] EtFOSAA EtFOSAA Sc 

Ethylperfluoroheptane sulfonamido acetic acid EtFHpSAA 534 32 369 19 476 19 [2H5] EtFOSAA EtFOSAA Sc 

Ethylperfluorooctane sulfonamido acetic acid EtFOSAA 584 34 419 20 526 20 [2H5] EtFOSAA EtFOSAA Qn 

Bis(perfluorobutyl) phosphinate 4:4 PFPIA 501 50 301 40 101 55 [13C4] 6:2 diPAP 6:6 PFPi Sc 

Perfluorobutyl perfluorohexyl phosphinate 4:6 PFPIA 601 60 401 43 301 42 [13C4] 6:2 diPAP 6:6 PFPi Ql 

Bis(perfluorohexyl) phosphinate 6:6 PFPIA 701 72 401 43 101 62 [13C4] 6:2 diPAP 6:6 PFPi Qn 

Perfluorohexylperfluorooctyl phosphinate 6:8 PFPIA 801 85 501 45 401 44 [13C4] 6:2 diPAP 6:8 PFPi Qn 

Bis(perfluorooctyl) phosphinate 8:8 PFPIA 901 98 501 46 101 69 [13C4] 6:2 diPAP 8:8 PFPi Qn 

4:2 disubstituted polyfluoroalkyl phosphate 4:2 diPAP 589 36 97 27 343 16 [13C4] 6:2 diPAP 6:2 diPAP Sc 

4:2/6:2 disubstituted polyfluoroalkyl phosphate 4:2/6:2 diPAP 689 37 97 29 343 17 [13C4] 6:2 diPAP 6:2 diPAP Sc 

6:2 disubstituted polyfluoroalkyl phosphate 6:2 diPAP 789 38 97 30 443 18 [13C4] 6:2 diPAP 6:2 diPAP Qn 

6:2/8:2 disubstituted polyfluoroalkyl phosphate 6:2/8:2 diPAP 889 39 97 33 443 19 [13C4] 6:2 diPAP 8:2 diPAP Ql 

8:2 disubstituted polyfluoroalkyl phosphate 8:2 diPAP 989 40 97 35 543 20 [13C4] 6:2 diPAP 8:2 diPAP Qn 

8:2/10:2 disubstituted polyfluoroalkyl phosphate 8:2/10:2 diPAP 1089 41 97 37 543 21 [13C4] 6:2 diPAP 8:2 diPAP Ql 

10:2 disubstituted polyfluoroalkyl phosphate 10:2 diPAP 1189 42 97 39 643 22 [13C4] 6:2 diPAP 8:2 diPAP Ql 

6:2 fluorotelomer mercaptoalkyl phosphate diester 6:2 FTMAP 921 70 79 50 575 30 [13C4] 6:2 diPAP 8:2 diPAP Ql 

6:2/8:2 fluorotelomer mercaptoalkyl phosphate diester 6:2/8:2 FTMAP 1021 75 79 50 575 30 [13C4] 6:2 diPAP 8:2 diPAP Ql 

8:2 fluorotelomer mercaptoalkyl phosphate diester 8:2 FTMAP 1121 90 79 50 675 35 [13C4] 6:2 diPAP 8:2 diPAP Ql 

8:2/10:2 fluorotelomer mercaptoalkyl phosphate diester 8:2/10:2 FTMAP 1221 90 79 50 675 40 [13C4] 6:2 diPAP 8:2 diPAP Ql 

10:2 fluorotelomer mercaptoalkyl phosphate diester 10:2 FTMAP 1321 90 79 50 775 40 [13C4] 6:2 diPAP 8:2 diPAP Ql 

N-ethyl perfluorooctanesulfonamidoethanol-based 

phosphate diester 

SAmPAP 1203 75 526 40 169 65 [13C4] 6:2 diPAP 8:2 diPAP Ql 

*PI (precursor ion), CV (cone voltage), FI (fragment ion), CE (collision energy), Qn (quantitative), Sq (semiquantitative), Ql 

(qualitative), Sc (screen) 
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Table A.1.2 (Continued): 
Analyte Acronym PI* 

(m/z) 

CV* 

(V) 

FI-1* 

(m/z) 

CE*  

(eV) 

FI-2* 

(m/z) 

CE* 

(eV) 

Internal Std Calibration 

Reference 

Data 

Quality* 

Perfluoro[1,2,3,4-13C4]butanoic acid [13C4] PFBA 217 20 172 8 n/a n/a n/a n/a n/a 

Perfluoro[3,4,5-13C3]pentanoic acid [13C3] PFPeA 266 20 222 8 n/a n/a n/a n/a n/a 

Perfluoro[1,2-13C2]hexanoic acid [13C2] PFHxA 315 20 270 8 n/a n/a n/a n/a n/a 

Perfluoro[1,2,3,4-13C4]octanoic acid [13C4] PFOA 417 20 372 8 n/a n/a n/a n/a n/a 

Perfluoro[1,2,3,4,5-13C5]nonanoic acid [13C5] PFNA 468 22 423 8 n/a n/a n/a n/a n/a 

Perfluoro[1,2-13C2]decanoic acid [13C2] PFDA 515 22 470 10 n/a n/a n/a n/a n/a 

Perfluoro[1,2-13C2]undecanoic acid [13C2] PFUnDA 565 22 520 10 n/a n/a n/a n/a n/a 

Perfluoro[1,2-13C2]dodecanoic acid [13C2] PFDoDA 615 22 570 10 n/a n/a n/a n/a n/a 

2-perfluorohexyl-[13C2]-ethanoic acid [13C2] 6:2 FTCA 379 20 294 22 n/a n/a n/a n/a n/a 

2-perfluorooctyl-[13C2]-ethanoic acid [13C2] 8:2 FTCA 479 20 394 20 n/a n/a n/a n/a n/a 

2-perfluorodecyl-[13C2]-ethanoic acid [13C2] 10:2 FTCA 579 20 494 18 n/a n/a n/a n/a n/a 

2H-Perfluoro-[1,2-13C2]-2-octenoic acid [13C2] 6:2 FTUCA 359 18 294 17 n/a n/a n/a n/a n/a 

Perfluorohexane[18O2]sulfonate [18O2] PFHxS 403 58 103 28 n/a n/a n/a n/a n/a 

Perfluoro[1,2,3,4-13C4]octane sulfonate [13C2] PFOS 503 70 99 34 n/a n/a n/a n/a n/a 

6:2 [1,2-13C2] fluorotelomer sulfonate [13C2] 6:2 FTSA 429 42 409 22 n/a n/a n/a n/a n/a 

Methyl-d3-perfluorooctane sulfonamido acetic acid [2H3] MeFOSAA 573 34 419 20 n/a n/a n/a n/a n/a 

Ethyl-d5-perfluorooctane sulfonamido acetic acid [2H5] EtFOSAA 589 34 419 20 n/a n/a n/a n/a n/a 

6:2 disubstituted-[1,2-13C2]-polyfluoroalkyl phosphate [13C4] 6:2 diPAP 794 38 97 30 n/a n/a n/a n/a n/a 

*PI (precursor ion), CV (cone voltage), FI (fragmentation ion), CE (collision energy), Qn (quantitative), Sq (semiquantitative), Ql 

(qualitative), Sc (screen) 
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Landfill Waste Age Waste Source* Lined pH 
Conductivity 
(mS/cm) 

TOC 
(mg/L) 

COD 
(mg/L) 

Site A 1999 - present domestic, commercial Yes 7.6 10.4 561 1680 

Site B1 1975 - 1990 domestic, commercial No 8.1 11.2 667 1890 

Site B2 1990 - present domestic, commercial Yes 8.7 15.4 713 2160 

Site C 2009 - present domestic, commercial Yes 8.2 14.3 2160 5430 

Site D 2003 - present domestic, commercial, 
biosolids, industrial, 
C&D 

Yes 8.1 3.0 217 6150 

Site E 1996 - present domestic, commercial, 
biosolids, C&D 

Yes 7.1 0.8 71 330 

Site F 1993 - 2001 Evaporation Pond n/a 7.8 70.6 4910 10100 

*C&D (construction and demolition) 
 

  

Table A.1.3: Leachate characteristics. 
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Apendix 2 – Supporting Information – Physical and Biological Release of Poly- 

and Perfluoroalkyl Substances (PFASs) from Municipal Solid Waste in 

Anaerobic Model Landfill Reactors: 

Testing reactor PFAS background in reactor materials. Reactors were 

tested for background poly- and perfluorinated alkyl substances (PFASs) by exposing 

fully constructed reactors (but no MSW) to deionized water and synthetic leachate 

matrices that modeled leachate compositions typical of the acid and methane phases 

of landfill degradation. The acid-phase matrix contained acetic, propionic and butyric 

acid at 11.8, 1.3, and 11.28 g/L, respectively. The methane-phase matrix contained 

4.01 g/L of humic acids in addition to acetic, propionic, and butyric acid at 0.37, 

0.185, and 0.185 g/L, respectively. The three reactors containing deionized water, 

synthetic acid phase or methane phase leachate, were operated for 90 days. Leachate 

samples were taken periodically over 90 days and initially analyzed for perfluorinated 

carboxylic (PFCAs) and sulfonic acids (PFSAs). Leachate from each of the three 

reactors taken on day 30 was also analyzed for the other 11 PFAS classes measured in 

refuse-filled reactors besides PFCAs and PFSAs. Observed PFAS concentrations 

were limited to C6-8 PFCAs that fell below the limit of quantification whenever 

detected with the intermittent exception of PFOS at low concentrations. The 

cumulative PFOS concentration potentially contaminating reactor leachate was 

subtracted from future reactor leachate concentration measurements. The reactor 

housing materials were determined therefore to largely not contribute significantly to 

PFAS concentrations in reactor leachate.  
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The laser print paper replaced laboratory filter paper for anaerobic microbial 

culture growth when some PFASs were detected using a methanol solid-liquid 

extraction adapted from Begley et al. (2005).
55

 The anaerobic microbial culture used 

to inoculate refuse-filled reactors was subsequently extracted, using the micro liquid-

liquid extraction
87

 applied to all aqueous samples, and tested for PFASs. The C6-8 

PFCAs and n-methyl perfluorooctane sulfonamido acetic acid were detected, but 

were below their respective limits of quantification. Relative to actual reactor leachate 

concentrations the microbial culture is not considered a significant source of PFASs 

to reactor leachate. 

Antimicrobial selection. Several known anti-microbial compounds were 

tested to find the optimal compounds that inhibited microbial activity in the 

laboratory scale reactors while resulting in little to no interference with PFAS 

measurements by LC/MS/MS.  Tested compounds were selected based on prior 

documentation of microbial inhibition, including silver nitrate, sodium chloride 

(NaCl), sodium 2-bromoethanesulfonate (BES), penicillin, streptomycin, and 

DBNPA.To test the ability of each compound to inhibit biological activity, two sets 

of refuse reactors were constructed and operated.  For the first set of reactors, a 

mixture of all the compounds listed above except for DBNPA was added to one 

reactor with a refuse only control.  For the second set of reactors, 40 g/L of NaCl was 

added to one reactor with a refuse only control.  These laboratory scale reactors were 

operated for >3 months at 37°C to assess the long term effectiveness of these 

biological inhibitors on methanogenic degradation of refuse. Methane production 

demonstrated that the inhibition mixture was successful at suppressing anaerobic 
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biological activity, while the NaCl was deemed inadequate for long term use.  While 

initially the biological refuse plus NaCl reactor seemed to be suppressed, methane 

production started to increase after 50 day suggesting that anaerobic microbes became 

assimilated to the high salt conditions.  

DBNPA was not included in the original compound assessment and was only 

tested for microbial inhibition in serum bottles not reactors due to time limitations.  

DBNPA was successful at inhibiting methane production in serum bottles.  When 

DBNPA was added to the synthetic leachate at room temperature, the compound was 

visibly undissolved in the bottom of the flask.  The first set of refuse reactors was 

started using the undissolved DBNPA in the abiotic reactors, but the compound was 

not sufficient in inhibiting methane production and all the reactors for this set were 

taken down and restarted.  Research on DBNPA revealed low dissolution at room 

temperature, but near complete dissolution at 50°C.  Synthetic leachate for all 

subsequent abiotic reactors was heated to 50°C prior to DBNPA addition and 

methane production was suppressed.   

With the exception of streptomycin, signal suppression on the LC/MS/MS 

system was so high that the mixture of inhibitors and NaCl could not be used (Figure 

A.2.1).  Streptomycin and DBNPA had the least negative impact on analytical 

method performance,consequently streptomycin and DBNPA were selected to be 

added to abiotic control reactors. 

Micro-Liquid-Liquid Extraction (Micro-LLE) and Liquid 

Chromatography Tandem Mass spectrometry (LC-MS/MS). Leachate samples 

were thawed and centrifuged at 1650 g for 10 min prior to moving 3 mL to a new 15 
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mL centrifuge vial. Mass-labeled internal standards (0.72 ng each) were added and 

samples were titrated to pH 7–8. The 3 mL sample was then extracted in triplicate by 

adding 10 % trifluoroethanol (TFE) ethyl acetate (EtOAc), shaking for 30 sec and 

then centrifuging at 10,000 g (4 °C) for 10 min using a Sorval Evolution RC 

ultracentrifuge from Thermo Scientific (Waltham, MA). The stronger centrifugal 

forces were needed to break the emulsions formed when shaken. Subsequently 333 µl 

of the organic extract in the top layer were collected in a 2 mL polypropylene 

autosampler vial. The extraction was repeated with two additional aliquots of 10% 

TFE in EtOAc such that a total extract volume of 1 mL is collected and 200 µl of 

methanol was added prior to LC-MS/MS analysis. A total 900 µl of extract was 

injected onto two zirconium modified diol guard cartridges under high aqueous 

conditions. A concave methanol and ammonium acetate gradient move the extracted 

PFASs off of the diols and onto a reverse-phase C18 column where they are separated 

and subsequently detected by MS/MS using specific parent and daughter ions for 

each PFAS.  

The LC-MS/MS was calibrated daily (R
2
 > 0.97) with a standard solution run 

with each calibration (Recovery 80-120 %) to ensure between-day calibration 

consistency. Replicate calibration standards were analyzed every 8-10 samples 

(Recovery 80-120%). One sample was analyzed in triplicate per day to verify that 

precision fell within the prescribed limit measured during analytical method 

validation.
87

 Solvent and method blanks were analyzed daily. Samples would be 

reanalyzed for specific PFASs if solvent and method blanks concentrations 

constituted more than 1% of sample concentrations. 
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Dilution Factor. In order to compare reactors with varying refuse masses and 

leachate volumes a dilution factor was calculated to adjust each time course 

concentration to represent as if it were in the initial leachate volume according to the 

following equation.  

   ∏   

 

   

  ∏
   ∑    

    
 ∑    

   
   

   ∑      
    

 ∑    
   
   

 

   

 

    dilution factor to normalize concentrations back to original reactor leachate 

volumes 

   day sampled 

     dilution factor between successive days 

    original reactor leachate volume 

     volume added to reactor 

     volume removed from reactor 

In principle, the concentration of PFASs is multiplied by the leachate volume to find 

the mass analyte, which is then divided by the previous reactor leachate volume. 

Together the leachate volume divided by the previous volume is the dilution factor 

(   ). Because liquid volumes are taken and added over the course of reactor 

operation the dilution factor (DF) to convert a given sample’s concentration into a 

version normalized to the initial reactor volume is the product of all dilution factors of 

each successive volume adjustment (∏    
 
   ). 
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Perfluoroalkyl sulfonic acid     Di-substitued polyfluorinated phosphate ester 

PFSA      DiPAP      

n = 4-10      n = 4, 6, 8, 10     

              

                    

Fluorotelomer sulfonic acid     Bis(N-ethyl perfluoroalkylsulfonamidoethane) phosphate 

n:2 FTSA      DiSAmPAP     

n = 4, 6, 8      n = 8      

              

                 

Perfluoroalkyl carboxylic acid           

PFCAs            

n = 3-17            

       Disubstitued perfluoroalkyl phosphinic acid 

       PFPIA      

Fluorotelomer carboxylic acid     n = 4, 6, 8      

n:2 FTCA 
 

          

n = 4, 6, 8, 10            

      Fluorotelomer mercaptoalkyl phosphate ester   

      FTMAP      

         n = 4, 6, 8, 10     

Fluorotelomer unsaturated carboxylic acid          

n:2 FTUCAs            

n = 4, 6, 8, 10            

              

              

                 

Fluorotelomer propanoic acid     N-methyl fluoroalkyl sulfonamido acetic acid   

n:3 FTCA 
 

    MeFASAA     

n = 3, 5, 7, 9    n = 4-8      

             

             

                    

Fluoroalkyl sulfonamido acetic acid   N-ethyl fluoroalkyl sulfonamido acetic acid 

FASAA     EtFASAA      

n = 4-8     n = 4-8      

             

             

                    

Table A.2.1: Acronyms and structures of PFAS compound classes. 
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Figure A.2.1:  Impact of microbial inhibitors on select PFASs as indicated by whole 

method recovery. 
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Figure A.2.2:  Chemical oxygen demand in Biotic and Abiotic reactors.  
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Note Y axis scales for each panel differ significantly. Error bars are the combined 

intra- and between-day RSD of the analytical method for each analyte.  
     

 

 

 

   

Figure A.2.3: PFAS time course concentrations in Biotic and Abiotic reactors 1 and 2.  
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Complimentary to Figure 4.2. 

  

Figure A.2.4: PFHxS and PFOS concentrations in Biotic and Abiotic 2. 
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(complimentary to Figure 3 in the main text). Error bars are the combined intra- and 

between-day RSD of the analytical method for each analyte.  
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Figure A.2.5: Time course trends for PFBA and PFHxA in Biotic 2 and Abiotic 2  
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Complimentary to Figure 4 in the main text. Error bars are the combined intra- and 

between-day RSD of the analytical method for each analyte. 
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Figure A.2.6: Log10(concentrations) of PFOA, PFNA, and PFDA in Biotic 2 and 
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Complimentary to Figure 4.5. 

 

  

  

Figure A.2.7: DiPAPs and DiSAmPAP concentrations in Biotic (a) and Abiotic 2 (b). 
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Note Y axis scales for each panel differ significantly. 
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Figure A.2.8: PFAS time course concentrations in Biotic and Abiotic reactors 1 and 2.  
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Complimentary to Figure 4.6. 
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Figure A.2.9: Abiotic 2 and Biotic 2 concentrations of 6:2 and 5:3 FTCA. 
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