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Abstract: 32 

A wide variety of consumer products that are treated with poly- and perfluoroalkyl substances 33 

(PFASs) and related formulations are disposed in landfills. Landfill leachate has significant concentrations 34 

of PFASs and acts as secondary point sources to surface water. Here, we model how PFASs enter 35 

leachate using four lab-scale anaerobic bioreactors filled with municipal solid waste (MSW) and 36 

operated over 273 days. Duplicate reactors were monitored under live and abiotic conditions to 37 

evaluate influences attributable to biological activity. The biologically-active reactors simulated the 38 

methanogenic conditions that develop in all landfills, producing ~140 mL CH4/dry g refuse.  The average 39 

total PFAS leaching measured in live reactors (16.7 nmol/kg dry-refuse) was greater than the average for 40 

abiotic reactors (2.83 nmol/kg dry-refuse), indicating biological processes were primarily responsible for 41 

leaching.  The low level leaching in the abiotic reactors was primarily due to PFCAs ≤C8 (2.48 nmol/kg 42 

dry-refuse).   Concentrations of known biodegradation intermediates, including methylperfluorobutane 43 

sulfonamide acetic acid and the n:2 and n:3 fluorotelomer carboxylates, increased steadily in 44 

concentration after the onset of methanogenesis, with the 5:3 fluorotelomer carboxylate becoming the 45 

single most concentrated PFAS observed in live reactors (9.53 nmol/kg dry-refuse).  46 

  47 
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INTRODUCTION 48 

Municipal solid-waste (MSW) management within the U.S. over the last century has largely 49 

involved the collection and disposal of waste in landfills.1,2 Of the 251 million tons of MSW generated in 50 

2012, 34.5 % by mass was recovered for recycling and composting, 11.7% was combusted with energy 51 

recovery and 53.8% was discarded in landfills.3 Leachate is the water that percolates through the waste 52 

discarded into landfills and contains a collection of toxic and persistent chemicals including 53 

pharmaceuticals and other environmental pollutants.1,2,4,5 Within the consortium of environmental 54 

pollutants contained in landfill leachate are poly- and perfluoroalkyl substances (PFASs) that are applied 55 

to a variety of commercial products that are commonly discarded.6  Most modern landfills include liners7 56 

and collect leachate for treatment at wastewater treatment plants (WWTPs). However, WWTPs are 57 

reportedly not equipped to remediate many of the contaminants of concern in landfill leachate.8-10  58 

PFASs are of environmental and toxicological concern because of their ubiquity, persistence and 59 

long-chain PFAS bioaccumulation.11-13 Landfill leachate contains greater concentrations of PFASs than 60 

most other environmental media with the exception of firefighting training and manufacturing impacted 61 

sites.13-18 Perfluorooctane sulfonic acid (PFOS) production and use was restricted by the Stockholm 62 

Convention for Persistent Organic Pollutants in 2009,19 and industry has begun to discontinue the 63 

production of long-chain PFASs (seven or more perfluorinated carbons) that are generally considered to 64 

be more toxic and bioaccumulative.20 Despite any potential phase-out of select PFASs, landfills will 65 

continue to act as a long-term point repository, highlighting the need for further investigation.2  66 

While the impact of leachate treatment technologies on PFAS concentrations have been 67 

studied,16,21,22 and PFASs have been identified as a source of groundwater contamination,23 no research 68 

has connected leachate PFAS composition and MSW under the time dependent conditions relevant to 69 

landfills. Benskin et al. (2012) reported that concentrations of three perfluoroalkyl carboxylic acids 70 

(PFCAs) were significantly correlated with pH, electrical conductivity, and 24 hour precipitation in 71 
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leachate collected over five months from a landfill operated over 30 years.14 On a smaller scale, Zhang et 72 

al. (2013) reported fluorotelomer alcohol (FTOH) degradation in anaerobic digester sludge under 73 

methanogenic conditions preferentially yielded fluorotelomer carboxylic acids (FTCAs) to PFCAs.24 74 

However, these experiments were focused on a select subset of PFASs, were at concentrations 75 

substantially greater than those observed in landfills, and were performed in aqueous systems that are 76 

simpler than the landfill ecosystem. 77 

Here we constructed lab-scale reactors and filled them with shredded residential MSW and an 78 

anaerobic microbial inoculum. Four reactors (two biologically active and two killed controls) were 79 

operated to determine the roles of abiotic leaching and biological activity on the temporal trends and 80 

concentrations of 70 PFASs (12 compound classes) in leachate associated with MSW. A list of PFAS 81 

compound class names, acronyms, and structures investigated for this study can be found in the SI 82 

(Table S1). We hypothesized that the temporal trends of PFAS concentrations would differ between 83 

Abiotic and Biotic reactors for some compound classes, such as those associated with biodegradation 84 

pathways (e.g. FTCAs), and not for those with no known degradation pathways (e.g. perfluorosulfonic 85 

acids, PFSAs). 86 

 87 

EXPERIMENTAL METHODS 88 

MSW collection and pre-treatment. Fresh MSW was sampled from a transfer station after 89 

collection from residential neighborhoods. Prior to shredding in a slow-speed, high-torque shredder 90 

(ShredPax. Corp., AZ-7H, Wood Dale, Illinois), the shredder was rinsed with methanol and the MSW was 91 

sorted to remove metals with a diameter of >1.5 cm.  Approximately 120 L of the initially-shredded 92 

material was discarded to minimize contamination from previously-shredded materials. Once shredded 93 

to approximately 2 cm x 5 cm, the MSW was collected in 200 L high density polyethylene bins 94 

(previously rinsed with methanol) and stored overnight at 4°C.  MSW from two bins was mixed in an 95 
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effort to homogenize the sample.  The MSW was then used to fill four 8 L HDPE reactors (1-2 kg per 96 

reactor).  Subsamples of refuse were collected for moisture, cellulose, and hemicellulose content 97 

analysis to characterize the starting material and to document the loss of degradable organic matter in 98 

the Biotic reactors. 99 

Reactor operation, characterization, and sampling. Reactor materials were tested for 100 

background PFAS leaching using model leachate phases. No PFAS analytes were measured on day 30 101 

above the limit of quantification with the exception of low levels of perfluorooctane sulfonate (PFOS) 102 

that were subtracted from reactor leachate concentrations. Reactor materials were therefore 103 

determined to largely be an insignificant source of PFASs to reactor leachate (see supporting 104 

information (SI) for more detail).   105 

Reactor construction and operation have been described previously.25,26  Following refuse 106 

addition to the reactor body, two solutions containing an anaerobic consortium (1 L) and a model 107 

leachate matrix (1 L) were added. The anaerobic consortium used to inoculate reactors was acclimated 108 

to the conversion of solid refuse to methane and was grown and maintained on laser print paper, with 109 

30% recycled content (Office Depot, FL) that was largely PFAS-free (see SI for details). Humic matter 110 

(1.203 g/L), acetate (0.37 g/L), and butyrate (0.185 g/L) were obtained from Sigma-Aldrich Inc. (St. Louis, 111 

MO) and used to produce a synthetic leachate4,27 with propionate (0.185 g/L) purchased from Thermo 112 

Fisher Scientific (New Jersey, U.S.). Deionized water (0.45 –2 L) was added in sufficient quantity to 113 

saturate the refuse and provide 1L of leachate in the collection bag. As a result, the shredded refuse was 114 

partially submerged and leachate was recirculated through the top of the reactor (1/wk), to enhance the 115 

rate of decomposition and to provide a saturated system for leachate sampling.  116 

Once the four reactors were constructed, two were kept biologically active (Biotic 1 and Biotic 2) 117 

while two received anti-microbial compounds and served as abiotic controls (Abiotic 1 and Abiotic 2).  118 

The two abiotic control reactors received 0.17 g/L streptomycin and 2 g/L 2,2-dibromo-3-119 
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nitrilopropionamide (DBNPA) purchased from the Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). See 120 

the SI for more information on the selection of anti-microbial compounds. All reactors were operated in 121 

a room maintained at 37 °C for 273 days, which is past the completion of significant methane production 122 

in Biotic reactors.  123 

The methods employed to measure gas volume, composition, pH, and chemical oxygen demand 124 

(COD) were presented previously.26 Measurements were made two to three times a week until the 125 

leachate pH was neutral, after which reactors were characterized weekly for the next month of 126 

operation and monthly thereafter. During the first two weeks of operation, Biotic 1 and 2 were 127 

neutralized with the addition of sodium hydroxide to accelerate the initiation of methane production.  128 

Abiotic reactors were not sampled/analyzed for pH and methane production given that the pH was 129 

stable and they did not produce methane.  130 

Each reactor was sampled for PFAS analysis approximately every seven days for the first 48 d, 131 

after which leachate was collected approximately every 14 d by collecting 42 mL, which was then split 132 

into three 15 mL and one 50 mL centrifuge tube (VWR International, Radnor, PA).  Small volumes (5-15 133 

mL) of 2 M NaOH were added periodically to the reactor and dilution was taken into account when 134 

reporting leachate PFAS concentrations (see the SI).  All samples were immediately frozen and stored at 135 

-4 °C. Two of the 15 mL centrifuge samples were shipped overnight on ice to Oregon State University 136 

where they were stored at -20 °C prior to PFAS analysis. The remaining 15 mL and 50 mL sample tubes 137 

were used for reactor characterization. To assess refuse biodegradation, the cellulose, hemicellulose 138 

and lignin concentrations were measured26 in both the fresh MSW and the refuse remaining at the end 139 

of reactor operation. At the end of reactor operation, the leachate was drained into HDPE containers 140 

and immediately frozen.  The solids were then dried to constant weight in methanol-rinsed fiber glass 141 

pans.  It was beyond the scope of the project to measure volatile PFASs in reactor gas. 142 
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Micro-Liquid-Liquid Extraction (Micro-LLE) and Liquid Chromatography Tandem Mass 143 

spectrometry (LC-MS/MS). PFAS extraction and analysis in leachate was described previously.15 Briefly, 144 

leachate samples were centrifuged, titrated to pH 7-8, and extracted with trifluoroethanol and ethyl 145 

acetate (see SI for details). Then 900 µL of the extract was injected, using orthogonal column chemistries 146 

to separate and tandem mass spectrometry for detection (see SI for details). Briefly, the accuracy of the 147 

method (internal standard relative to standard addition measured values) ranged from 81–120% and 148 

whole-method precision (combined intra- and interday relative standard deviation, RSD) ranged from 149 

5.5–33 %.15 Method detection limits were low to sub-ng/L.15 150 

Single samples were analyzed for each reactor at each sampling time point.  To compute the 151 

uncertainty about the measured PFAS concentrations in reactor leachate, the follow steps were 152 

taken.  First, as part of each batch of sample analyzed, a single leachate sample was analyzed in 153 

triplicate.  In addition, of the duplicate reactor samples collected, 27% were analyzed over the 154 

project.   Except for six PFASs, the RSDs from the triplicate analyses of a single leachate and duplicate 155 

reactor samples were found to be at or below the previously-determined analytical variability of the 156 

whole method (5.8 – 33%).28  For this reason, for most analytes , the error bars plotted in the Figures 157 

represent the previously-reported analytical (whole method) variability.28  In the case of six PFASs, 158 

where the RSD of the duplicate analyses exceeded that of the previously-reported variability,28 plotted 159 

error bars represent the RSD of the duplicates, which never exceeded 20%.  160 

Data Analysis. Concentrations for PFASs were first normalized to the initial reactor leachate 161 

volume by accounting for any volume changes over the course of reactor operation (see SI for more 162 

detail on accounting for dilution). PFAS concentrations were then normalized to the initial mass of MSW 163 

in each reactor (pmol/kg refuse dry weight), which enabled comparisons between reactors.  164 

Individual compounds and reactor parameters were tested for statistically significant 165 

correlations using Kendall rank correlation coefficient (τb).29 PFAS concentrations and reactor 166 
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parameters, with less than 30% censored data, were determined to have a significant correlation when 167 

the absolute τb value exceeded the critical value (p-value < 0.05) for the degrees of freedom (df). A 168 

majority of reactor parameter and PFAS concentrations were significantly correlated and select cases 169 

with strong correlations will be discussed below. 170 

The concentrations and behaviors (i.e. temporal trends) of PFASs over the course of reactor 171 

operation will be discussed by compound class. The total mass of PFASs per kg of refuse is not reported 172 

because the reactors were operated at an atypically high liquid to solids (L/S) ratio, which stimulated the 173 

rate of biological processes and the rate of contaminant transport relative to even a very wet landfill. 174 

Therefore, the water flux in the reactors is orders of magnitude greater than what would be experienced 175 

at a typical landfill.  In addition, the behavior and total mass of PFASs released from the municipal waste 176 

tested here may differ significantly from that of PFASs from commercial waste (e.g., offices and 177 

institutions) and industrial wastes (e.g., contaminated soil, auto shredder residue, biosolids, off-178 

specification products). 179 

Classes including perfluoroalkyl sulfonates, fluorotelomer sulfonates, and perfluoroalkyl 180 

carboxylates are discussed first because the behaviors of short-chain homologues within these classes 181 

were governed predominantly by simple abiotic leaching. The discussion of di-alkyl phosphates, 182 

perfluoroalkyl sulfonamides, and fluorotelomer carboxylates follow, because their behaviors were more 183 

complex and governed by multiple processes. Concentrations for PFASs that were <LOQ in > 90% of the 184 

reactor samples could not be treated quantitatively and are therefore not displayed graphically (data 185 

not shown).  186 

 187 

RESULTS AND DISCUSSION 188 

Reactor Characterization and Anaerobic Degradation. MSW decomposition in the Biotic 189 

reactors progressed through the acid phase and the methane production phase, as is typical of U.S. 190 
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landfills (Figure 1),4,27 but on an accelerated time-scale (273 days instead of years). Initially, the reactor 191 

pH was acidic, but it reached a neutral pH in Biotic reactors, as acidic decomposition intermediates were 192 

converted to methane, while remaining acidic in the Abiotic reactors. Significant methane production 193 

(>10% total) began at different times for Biotic 1 (26–34 days) and Biotic 2 (70–82 days) with leachate 194 

pH rising above 7.5 concurrently (Figure 1) and correlating significantly, τb = 0.68 (p = 2*10-10, df = 43).  195 

While efforts were made to homogenize the MSW sample prior to reactor loading, the particle size and 196 

heterogeneous nature of MSW made it impossible to achieve a completely mixed sample, which likely 197 

explains the different periods prior to the onset of methane production.  Variations in methane 198 

production are not uncommon for laboratory-scale landfill reactors.30  199 

The COD also peaked concurrent with the onset of methanogenesis in Biotic reactors, but 200 

remained relatively steady in Abiotic reactors after day 27 (Figure S2). The rise and fall of COD 201 

concentrations in Biotic reactors represents the production of volatile fatty acids and  their subsequent 202 

consumption in the methane phase. Both the methane production data (Figure 1) and the solids 203 

analyses confirm that streptomycin and DBNPA successfully inhibited decomposition in the Abiotic 204 

reactors.  The cellulose and hemicellulose concentrations of the dry, fresh refuse were 39% and 9%, 205 

respectively. The amount of cellulose and hemicellulose converted was calculated from their 206 

concentrations in the reactors at the completion of the decomposition cycle. Cellulose and 207 

hemicellulose decomposition were an average of 79 and 78% in Biotic reactors, and 3 and 21% in the 208 

Abiotic reactors, respectively. The decrease in cellulose and hemicellulose in the Biotic reactors 209 

represents the readily biodegradable MSW fraction, and is typically composed of paper products and 210 

food and yard waste.31 For purposes of brevity, and given the similarities in the performance of the 211 

replicate reactors, only Biotic 1 and Abiotic 1 will be discussed in detail unless otherwise noted. 212 

Perfluoroalkyl sulfonates (PFSAs). Of the PFSA compound class, PFBS (C4) and PFHxS (C6) were 213 

present at time zero in leachate from all reactors (Figures 2a, S3a, and S4a), consistent with their use in 214 
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surfactant products32 and  formulations applied to fabrics, papers, metal plating and photolithography.33 215 

Although PFBS and PFHxS may also result from the degradation of C4- and C6- based fluoroalkane 216 

sulfonamide derivatives,12 there were no statistically-significant differences between concentration 217 

trends in Biotic and Abiotic reactors. Thus, PFBS and PFHxS leachate concentrations likely result from 218 

abiotic leaching and not from precursor biodegradation. The C5, 7, 9, and 10 PFSA homologues were not 219 

detected above the LOQ and were below detection limits (LODs) in > 90% of reactor samples (data not 220 

shown). 221 

The temporal trends of PFOS differed from those of PFBS and PFHxS with a significant decline in 222 

PFOS concentrations occurring immediately after the first day of reactor operation (Figures 2b and S4b). 223 

The reason for the initial decrease in PFOS concentrations in both Biotic and Abiotic reactors is unclear. 224 

It is likely however, that the PFOS was concentrated in a small quantity of refuse and showed up as a 225 

spike in the leachate until the leachate was recirculated which allowed some PFOS to equilibrate with 226 

the solid phase.  227 

The temporal trends in PFOS concentrations in both Biotic reactors differ significantly from 228 

those of the Abiotic reactors (Figure 2b and S4b). The increase in PFOS concentrations in the Biotic 229 

reactors, relative to the Abiotic reactors, was concurrent with the start of methane production and the 230 

rise in pH (Figure 1). For example PFOS concentrations increased between days 14–27 in Biotic 1, 231 

whereas Biotic 2 concentrations increased between days 62–90. Such increases may result from the 232 

transformation of precursors.12 Alternatively, PFOS may be released at the onset of methanogensis 233 

(signaled by methane gas production) as substrates, such as paper products, begin to degrade 234 

anaerobically. Lastly, a rise in pH in Biotic reactors may result in organic matter deprotonation and 235 

electrostatic repulsion34 of any associated PFOS, resulting in elevated aqueous PFOS concentrations. The 236 

apparent changes in PFOS concentrations in Biotic 1 and 2 that occurred late in reactor operations (> 237 
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day 260) may or may not be meaningful, given that several data points were close to the limit of 238 

quantification. 239 

Fluorotelomer sulfonates (FTSAs). The 6:2 and 8:2 FTSA homologues were present in leachate 240 

from all four reactors at time zero, indicating the association of FTSAs and MSW as surfactants and 241 

alternatives to PFOS in other applications.35,36 The 4:2 FTSA homologue was not observed above the LOD 242 

in all samples and the 8:2 FTSA was <LOQ in >90% of samples. Temporal trends of 6:2 FTSA 243 

concentrations for Biotic and Abiotic reactors did not deviate significantly from each other (Figure S3b) 244 

such that abiotic leaching from MSW likely accounts for most of the observed 6:2 FTSA concentrations. 245 

So, while FTSA formation due to precursor degradation has been suggested to be an important source of 246 

FTSAs to the environment,10,38 it did not contribute significantly to 6:2 FTSA leachate concentrations in 247 

this study. Likewise, FTSA persistence in leachate from both Biotic reactors is consistent with the 248 

observed persistence of FTSAs in oxygen-depleted groundwater contaminated by aqueous film forming 249 

foams.37 250 

Perfluoroalkyl carboxylates (PFCAs). The C4-12 PFCA homologues were detected at time zero in 251 

leachate from all reactors, which is consistent with their association with commercial products via 252 

surfactants and fluoropolymer production.32 Temporal trends of short-chain PFCA (C4–C7) 253 

concentrations were similar in Biotic and Abiotic reactors (Figures 3, S3c-d, and S5) indicating their 254 

presence in leachate results primarily from abiotic leaching.  255 

In contrast, PFOA concentrations increased in Biotic reactors but not in Abiotic reactors (Figures 256 

4, S3e-f, and S6), occurring after day 27 in Biotic 1, which coincides with the onset of methanogenesis 257 

and the increase in pH (day 26–34, Figure 1). The C9 and longer PFCA homologues demonstrate similar 258 

concentration increases in Biotic reactors, but at lower concentrations (Figure 4). Such increases in 259 

concentration may result from substrate degradation, pH effects, and precursor transformation.38 All 260 

such long-chain PFCA increases in concentration occur simultaneously, but PFAS precursors typically 261 
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have slower transformation rates with increasing chain-lengths.12,38 Zhang et al. (2013) observed that 262 

under methanogenic conditions, the 8:2 FTOH (PFOA precursor) half-life was approximately three times 263 

longer than the 6:2 FTOH half-life.24 And if transformation rates continue to decrease with increasing 264 

chain-length, then precursor transformation is not likely to have contributed significantly to the 265 

observed concurrent concentration increases. 266 

The temporal trends of C10-12 PFCA concentrations deviate from those of PFOA and PFNA by 267 

decreasing below the limit of quantification by day 202 in Biotic 1 (Figure 4). We hypothesize that after 268 

the release of C10-C12 PFCAs from the biodegraded MSW substrate, they sorb to other MSW or reactor 269 

components as leachate was recirculated during sampling. The C13, 14, and 16 PFCAs fell below their 270 

respective LOQs in >90% of samples and C15, 17, and 18 PFCAs were not detected in reactor leachate. 271 

The occurrence of >C12 PFCAs in the reactor leachates is consistent with reports of >C12 PFCAs in 272 

leachates from full-scale landfills.15,21 Because >C12 PFCAs are not often observed in natural waters,13 273 

their presence may be due to enhanced solubility through association with the hydrophobic moieties of 274 

dissolved organic matter that abound in leachate.4 Consequently, detecting up to C16 in reactor 275 

leachate speaks to the ability of the reactor system to model landfill leachate. Concentrations of long-276 

chain PFCAs likely represent conservative estimates if sorption onto particulate matter occurs during 277 

sample centrifugation.  However, any losses onto particulate matter would occur continuously and, 278 

therefore, would not be expected to impact trends in PFAS concentrations with time.  279 

 Di-alkyl Phosphates (DiPAPs, DiSAmPAP, PFPiAs, and FTMAPs). Di-substituted fluorotelomer 280 

phosphate esters (6:2 – 10:2 DiPAPs) and n-ethyl perfluorooctane sulfonamido ethanol-based 281 

polyfluoroalkyl phosphate diester (DiSAmPAP) were measured at time zero in both Biotic and Abiotic 282 

reactors (Figures 5, S7, and S8a-b). The presence of these classes in reactor leachate during the first 283 

sampling event is attributable to their application to and release from commercial products including 284 



13 
 

paper and food packaging materials,39 which was estimated to constitute 14.8 % by mass of discarded 285 

U.S. MSW in 2012.3 286 

Over the 273 days that the reactors were in operation, DiPAP concentrations varied significantly, 287 

presumably due to the concurrent impacts from multiple sources. Initial DiPAP concentration decreases 288 

(6:2, 6/8:2, and 8:2) in both Biotic and Abiotic reactors (Figure 5, S7, and S8a) may reflect the effects of 289 

uneven initial DiPAP distribution and recirculation described above for PFOS. DiPAPs in Biotic reactors 290 

then follow temporal trends similar to those of long-chain PFCAs (C10-12) by increasing in concentration 291 

with the onset of methanogenesis and a pH increase (days 26–34 in Biotic 1) and decreasing shortly 292 

thereafter (Figure 5a). As there are no known DiPAP precursors, the increases in Biotic reactor 293 

concentrations are likely a result of MSW substrate degradation with the concurrent pH increase driving 294 

DiPAPs into the aqueous phase. DiPAPs with increasing chain-lengths remained in solution longer in 295 

Biotic reactors which suggests that hydrophobic sorption was not wholly responsible for their decreasing 296 

concentrations over time. Indeed, the prolonged presences of high molecular-weight DiPAPs was more 297 

consistent with observations of decreasing monoPAP degradation rates with increasing chain-length.40 298 

 DiSAmPAP concentrations follow similar trends to those described for DiPAPs, except that they 299 

start close to the limit of quantification and do not exhibit a dramatic initial decrease. Benskin et al. 300 

reported little to no DiSAmPAP degradation on marine sediments (120 d half-life), but poor 301 

degradability was attributed to strong DiSAmPAP sorption to particulate matter and low microbial 302 

activities in sediment.41 Therefore anaerobic biodegradation may still be instrumental to the decreasing 303 

DiSAmPAP concentrations in Biotic 1 (Figure 5) and 2 (Figure S7) over time. Disubstituted perfluoroalkyl 304 

phosphinic acids (PFPIAs) and fluorotelomer mercaptoalkyl phosphate esters (FTMAPs) were not 305 

detected in any reactor leachate sample.  306 

Fluoroalkyl sulfonamide acetic acid derivatives. The C4 (data not shown) and C8 (Figure S8c) 307 

ethyl fluoroalkyl sulfonamide acetic acids (EtFASAAs) were detected at time zero. EtFASAAs are 308 
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associated with MSW for two possible reasons. First, EtFASAAs are the ionic surfactant in 3M Fluorad 309 

fluorosurfactant FC-129, which was recommended as a leveling agent in floor polishes.42 Second, 310 

EtFASAAs may result from the biodegradation products of N-ethyl perfluorooctane sulfonamide ethanol 311 

(EtFOSE),43 which are used as paper and package protectants43,44 and in the synthesis of DiSAmPAP.41  312 

The C4 homologue of the methyl fluoroalkyl sulfonamide acetic acid class (MeFASAA) was 313 

detected at time zero in Biotic and Abiotic reactors (Figure S8d). In addition, intermittent and low 314 

concentrations of the C5 and 8 MeFASAA homologues were detected over the time course of the 315 

experiment (data not shown). The MeFASAA class may be the biotransformation products of N-methyl 316 

perfluorooctane sulfonamido ethanols, which are used to synthesize polymeric surface treatment 317 

products for carpets and textiles,45 in a manner analogous to the degradation of EtFOSE. The detection 318 

of MeFASAAs in time zero samples from Biotic and Abiotic reactors may result from aerobic precursor 319 

biodegradation prior to reactor loading. Residential MSW is collected weekly and, under moist aerobic 320 

conditions, could biodegrade for up to 7 days prior to the sampling and reactor loading. 321 

Unsubstituted fluoroalkyl sulfonamide acetic acids (FASAAs) are metabolites of both Me- and 322 

EtFASAAs,44 but were not observed in any reactor and may indicate that precursors, such as Me- and 323 

EtFASAAs, degrade very slowly under anaerobic conditions. Rhoads et al. (2008) found that even under 324 

aerobic conditions, EtFOSAA degradation was the rate limiting step in the conversion of EtFOSE to PFOS 325 

and that EtFOSAA was ultimately the major degradation product.43  326 

In both Biotic and Abiotic reactors, EtFOSAA concentrations followed temporal trends similar to 327 

those of PFOS by decreasing to below the limits of detection before increasing significantly with the 328 

onset of methanogensis in Biotic reactors (Figure S8c). EtFOSAA concentrations then stabilized and 329 

remained relatively constant for the remainder of reactor operation. EtFOSAA concentrations were 330 

significantly correlated with DiSAmPAP (τb = 0.61, p = 1*10-5) in Biotic reactors (df =25), indicating that 331 

these two forms may originate from a common source and are impacted by similar processes. The C4 332 
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EtFASAA fell below the LOQ in >90% of samples and the C5–7 EtFASAAs were not detected in >90% of 333 

reactor samples. 334 

In contrast, MeFBSAA concentrations increased steadily after the onset of methanogenesis in 335 

Biotic 1, but not in Biotic 2, while no significant production of MeFBSAA occurred in either Abiotic 336 

reactor (Figure S8d). The steady increase in MeFBSAA concentrations in Biotic 1 likely result from the 337 

continuous transformation of precursor compounds. The most plausible explanation for the 338 

disagreement between Biotic 1 and 2 temporal trends is that Biotic 1 contained a source of MeFBSAA 339 

not found in Biotic 2 and possibly Abiotic 1 and 2. 340 

Fluorotelomer carboxylic acids.  The 6:2 fluorotelomer carboxylic acid (FTCA), unsaturated 341 

fluorotelomer carboxylic acid (FTUCA) and 5:3 FTCA were present at time zero in Biotic and Abiotic 342 

reactors (Figures 6, S8f, and S9). The fluorotelomer carboxylates are products of fluorotelomer-based 343 

compound degradation,24,40,46 and their detection at time zero indicated that aerobic precursor 344 

transformation may have occurred prior to MSW sampling and reactor loading as described previously. 345 

Additionally, 6:2 FTCA may have found a place in commercial applications as an alternative to PFOA 346 

based processing aids.47 The 4:2, 8:2, and 10:2 FTCAs and FTUCAs, as well as 3:3 and 9:3 FTCAs, were 347 

largely not detected in reactor leachate and never appeared above their respective LOQs. 348 

 The 5:3 FTCA concentrations remained constant initially and then increased with 6:2 FTCA after 349 

the onset of methanogenesis in Biotic reactors (Figures 6 and S9). The 6:2 FTUCA (Figure S8f) was 350 

detected less frequently in reactors and was highest in concentration at latter time points when 6:2 and 351 

5:3 FTCA concentrations were greatest. As anaerobic degradation products of 6:2 FTOH, the greater 352 

abundance of 6:2 and 5:3 FTCA relative to 6:2 FTUCA and PFHxA is consistent with the corresponding 353 

molar yields reported by Zhang et al. (2013).24 The 6:2 and 6/8:2 DiPAPs measured in reactor leachate 354 

are potential FTCA precursors but could only account for less than 20% of FTCAs formed on a molar 355 

basis, indicating the presence of other precursors unmeasured in reactor leachate. By day 273, 5:3 FTCA 356 
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became the single most concentrated PFAS in Biotic 1 and 2 (14,000 and 5400 pmol/kg, respectively) 357 

and is indicative of significant, unidentified sources of 6:2 fluorotelomer precursors. The disparity 358 

between final 5:3 concentrations in Biotic 1 and 2 is potentially a result of the delayed microbial activity 359 

in Biotic 2 relative to Biotic 1 (Figures 1 and S2) which began and ended later than Biotic 1 by 360 

approximately 40 and 100 days respectively (as indicated by methane production). Had Biotic 2 been 361 

operated longer, 5:3 FTCA concentrations may have increased in Biotic 2 to a similar magnitude. Indeed, 362 

production stalled temporarily in Biotic 1 from day 90 to 133 (Figure 6a) similarly to days 202 to 273 in 363 

Biotic 2 (Figure S9). 364 

Similar to 5:3 FTCA, 7:3 FTCA (τb = 0.80, p = 1*10-8, df = 25) increased steadily in concentration in 365 

Biotic 1 and 2 respectively, but remained below detection limits in Abiotic reactors (Figure S8e). 366 

MeFBSAA (Figure S8d) also had a strong positive correlation with 5:3 FTCA, τb = 0.85 (p = 6*10-5, df = 11), 367 

but only in Biotic 1 (no significant correlation in Biotic 2) indicating that 7:3 FTCA and MeFBSAA 368 

increases resulted from similar processes, namely methanogenic biotransformations.  369 

Reactor and landfill leachate composition comparison. The summed PFAS class concentrations 370 

were generally of low abundance in reactor leachate relative to landfill leachate, which was not 371 

surprising as reactors contained a higher leachate volume relative to mass of MSW than some landfills. 372 

Therefore the summed molar composition of PFAS classes (% of total) were used to better compare 373 

Biotic reactor and landfill leachate from six U.S. landfills previously analyzed for the same compounds 374 

(Table 1).15 In general, the median and ranges of PFAS class compositions in reactors were comparable to 375 

those of U.S. landfill leachate samples, with only two exceptions; DiPAPs and DiSAmPAP had greater 376 

relative abundances in Biotic reactors than landfill leachate, but by the end of reactor operation, both of 377 

these classes had decreased substantially in concentration and more closely resembled the composition 378 

of mature landfill leachate. Because both anaerobic biodegradation (Figure 1) and PFAS class 379 
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composition (Table 1) compare well with landfill conditions, the phenomena and factors impacting PFAS 380 

concentrations in reactors represent an important insight into the processes occurring in landfills.  381 

Environmental Implications, Limitations, and Future Research. The study of MSW 382 

biodegradation in lab-scale reactors elucidated the combined effects of multiple factors that contribute 383 

to PFAS concentrations in landfill leachate including abiotic leaching, pH, substrate  (e.g., paper) as well 384 

as precursor biodegradation, and sorption.  PFCAs and PFSAs demonstrated chain-length specific 385 

behavior, where abiotic leaching accounted for the temporal trends of short chain-length 386 

concentrations but long-chain homologues increased in concentration concurrent with the onset of 387 

methanogenesis.  DiPAPs and DiSAmPAP also increased in concentration in Biotic reactors and are 388 

susceptible to biodegradation, which would explain their subsequent decrease in the Biotic reactor 389 

concentrations and their relative absence from full-scale landfills. The anaerobic degradation of 390 

fluorotelomer based compounds leads to the most dramatic differences between Biotic and Abiotic 391 

reactors as evidenced by the increases measured in saturated and unsaturated FTCAs. The 6:2 and 5:3 392 

FTCAs were the two most concentrated PFASs, measured at 4700 and 14000 pmol/kg, respectively 393 

(Biotic 1). The abundance of FTCAs is significant given reports that they are several orders of magnitude 394 

more toxic to freshwater organisms than PFCAs.48 To the extent that studies of MSW systems fail to 395 

include FTCA analysis, the results may significantly underestimate the PFAS load and toxicity. 396 

Additionally, as reactor gas was not analyzed for fluorinated compounds (e.g., fluorotelomer alcohols), 397 

no inference can be made as to the degree to which volatile fluorotelomers are released from MSW and, 398 

thus, remains a question for future research. Ultimately, landfills are likely to act as long-term sources of 399 

PFASs to the environment and additional studies of PFAS behavior and biodegradation under anaerobic 400 

conditions are needed. 401 

On-going research includes estimating PFAS release from landfills using a mechanistic approach 402 

that considers the manner in which landfills are operated.  Specifically, data for PFASs in leachate from 403 
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45 landfill cells located in multiple climate zones in the U.S. are being analyzed as a function of waste 404 

age and operational strategy.  The PFAS concentrations in leachate will be combined with independent 405 

estimates of leachate flow to estimate the mass of PFASs released from landfills in the U.S. 406 

ACKNOWLEDGEMENTS 407 

This project was supported by Award Number CBET-1067144 from the National Science 408 

Foundation (NSF). We would like to thank Ning Wang for reviewing an earlier draft and recognize Alix 409 

Robel, Trevon Nelson, Monica Best and Kristin Marshall for their assistance. 410 

SUPPORTING INFORMATION AVAILABLE 411 

 Supporting Information contains additional information regarding reactor setup and operation 412 

as well as reactor PFAS data not displayed here. This information is available free of charge via the 413 

Internet at http://pubs.acs.org.   414 

http://pubs.acs.org./


19 
 

References:  415 

1. Masoner, J. R.; Kolpin, D. W.; Furlong, E. T.; Cozzarelli, I. M.; Gray, J. L.; Schwab, E. A., Contaminants 416 
of emerging concern in fresh leachate from landfills in the conterminous United States. Environ Sci-417 
Proc Imp 2014, 16, 2335-2354. 418 

2. Weber, R.; Watson, A.; Forter, M.; Oliaei, F., Persistent organic pollutants and landfills - a review of 419 
past experiences and future challenges. Waste Manage Res 2011, 29, 107-121. 420 

3. US EPA Municipal Solid Waste Generation, Rrecycling, and Disposal in the United States: Facts and 421 
Figures for 2012;http://www.Epa.Gov/osw/nonhaz/municipal/pubs/2012_msw_fs.Pdf.  422 

4. Kjeldsen, P.; Barlaz, M. A.; Rooker, A. P.; Baun, A.; Ledin, A.; Christensen, T. H., Present and long-423 
term composition of MSW landfill leachate: A review. Crit Rev Env Sci Tec 2002, 32, 297-336. 424 

5. Ela, W. P.; Sedlak, D. L.; Barlaz, M. A.; Henry, H. F.; Muir, D. C. G.; Swackhamer, D. L.; Weber, E. J.; 425 
Arnold, R. G.; Ferguson, P. L.; Field, J. A.; Furlong, E. T.; Giesy, J. P.; Halden, R. U.; Henry, T.; Hites, R. 426 
A.; Hornbuckle, K. C.; Howard, P. H.; Luthy, R. G.; Meyer, A. K.; Saez, A. E.; vom Saal, F. S.; Vulpe, C. 427 
D.; Wiesner, M. R., Toward identifying the next generation of superfund and hazardous waste site 428 
contaminants. Environ Health Persp 2011, 119, 6-10. 429 

6. Herzke, D.; Olsson, E.; Posner, S., Perfluoroalkyl and polyfluoroalkyl substances (PFASs) in consumer 430 
products in norway - a pilot study. Chemosphere 2012, 88, 980-987. 431 

7. US EPA, Solid Waste Disposal Facility Criteria. Federal Register 1988, 53, 33345. 432 
8. Eggen, T.; Moeder, M.; Arukwe, A., Municipal landfill leachates: A significant source for new and 433 

emerging pollutants. Sci Total Environ 2010, 408, 5147-5157. 434 
9. Schultz, M. M.; Higgins, C. P.; Huset, C. A.; Luthy, R. G.; Barofsky, D. F.; Field, J. A., Fluorochemical 435 

mass flows in a municipal wastewater treatment facility. Environ Sci Technol 2006, 40, 7350-7357. 436 
10. Appleman, T. D.; Higgins, C. P.; Quinones, O.; Vanderford, B. J.; Kolstad, C.; Zeigler-Holady, J. C.; 437 

Dickenson, E. R. V., Treatment of poly- and perfluoroalkyl substances in US full-scale water 438 
treatment systems. Water Res 2014, 51, 246-255. 439 

11. Lee, H.; Mabury, S. A., A pilot survey of legacy and current commercial fluorinated chemicals in 440 
human sera from United States donors in 2009. Environ Sci Technol 2011, 45, 8067-8074. 441 

12. Liu, J. X.; Avendano, S. M., Microbial degradation of polyfluoroalkyl chemicals in the environment: A 442 
review. Environ Int 2013, 61, 98-114. 443 

13. Ahrens, L., Polyfluoroalkyl compounds in the aquatic environment: A review of their occurrence and 444 
fate. J Environ Monit 2011, 13, 20-31. 445 

14. Benskin, J. P.; Li, B.; Ikonomou, M. G.; Grace, J. R.; Li, L., Per- and polyfluoroalkyl substances in 446 
landfill leachate: Patterns, time-trends, sources. Environ Sci Technol 2012, 46, 11532-1154. 447 

15. Allred, B. M.; Lang, J. R.; Barlaz, M. A.; Field, J. A., Orthogonal zirconium diol/C18 liquid 448 
chromatography-tandem mass spectrometry analysis of poly and perfluoroalkyl substances in 449 
landfill leachate. J Chromatogr A 2014, 1359, 202-211. 450 

16. Zhang, C. H.; Peng, Y.; Niu, X. M.; Ning, K., Determination of perfluoroalkyl substances in municipal 451 
landfill leachates from Beijing, China. Asian J. Chem. 2014, 26, 3833-3836. 452 

17. Oliaei, F.; Kriens, D.; Weber, R.; Watson, A., PFOS and PFC releases and associated pollution from a 453 
PFC production plant in minnesota (USA). Environ Sci Pollut R 2013, 20, 1977-1992. 454 

18. Arias E Victor A.; Mallavarapu, M.; Naidu, R., Identification of the source of PFOS and PFOA 455 
contamination at a military air base site. Environ Monit Assess 2015, 187. 456 

19. Stockholm Convention Report of the Conference of the Parties of the Stockholm Convention on 457 
Persistent Organic Pollutants on the Work of its Fourth Meeting;May 8, 2009; 458 
UNEP/POPOS/COP.4/38; 459 
http://chm.Pops.Int/theconvention/conferenceoftheparties/meetings/cop4/tabid/404/mctl/viewde460 
tails/eventmodid/870/eventid/23/xmid/1673/default.Aspx.  461 

http://www.epa.gov/osw/nonhaz/municipal/pubs/2012_msw_fs.Pdf
http://chm.pops.int/theconvention/conferenceoftheparties/meetings/cop4/tabid/404/mctl/viewdetails/eventmodid/870/eventid/23/xmid/1673/default.Aspx
http://chm.pops.int/theconvention/conferenceoftheparties/meetings/cop4/tabid/404/mctl/viewdetails/eventmodid/870/eventid/23/xmid/1673/default.Aspx


20 
 

20. US EPA, 2010/2015 PFOA Stewardship Program: Summary Tables for 2012 Company Progress 462 
Report; 463 
http://www.Epa.Gov/oppt/pfoa/pubs/stewardship/2012_stewardship_web_site_table_final.Pdf. In 464 
2012. 465 

21. Busch, J.; Ahrens, L.; Sturm, R.; Ebinghaus, R., Polyfluoroalkyl compounds in landfill leachates. 466 
Environ Pollut 2010, 158, 1467-1471. 467 

22. Zhang, C.; Peng, Y.; Ning, K.; Niu, X.; Tan, S.; Su, P., Remediation of perfluoroalkyl substances in 468 
landfill leachates by electrocoagulation. CLEAN – Soil, Air, Water 2013, 42, 1740-1743. 469 

23. Eschauzier, C.; Raat, K. J.; Stuyfzand, P. J.; De Voogt, P., Perfluorinated alkylated acids in 470 
groundwater and drinking water: Identification, origin and mobility. Sci Total Environ 2013, 458, 471 
477-485. 472 

24. Zhang, S.; Szostek, B.; McCausland, P. K.; Wolstenholme, B. W.; Lu, X. X.; Wang, N.; Buck, R. C., 6:2 473 
and 8:2 fluorotelomer alcohol anaerobic biotransformation in digester sludge from a WWTP under 474 
methanogenic conditions. Environ Sci Technol 2013, 47, 4227-4235. 475 

25. Wang, X. M.; Padgett, J. M.; De la Cruz, F. B.; Barlaz, M. A., Wood biodegradation in laboratory-scale 476 
landfills. Environ Sci Technol 2011, 45, 6864-6871. 477 

26. Wang, Y. S.; Odle, W. S.; Eleazer, W. E.; Barlaz, M. A., Methane potential of food waste and 478 
anaerobic toxicity of leachate produced during food waste decomposition. Waste Manage Res 1997, 479 
15, 149-167. 480 

27. Oman, C. B.; Junestedt, C., Chemical characterization of landfill leachates - 400 parameters and 481 
compounds. Waste Manage 2008, 28, 1876-1891. 482 

28. US EPA, Appendix B to Part 136—Definition and Procedure for the Determination of the Method 483 
Detection Limit—Revision 1.11. Federal Register 1984, 40 CFR Part 136, 317-321. 484 

29. Helsel, D. R., Nondetects and Data Analysis: Statistics for Censored Environmental Data. John Wiley 485 
& Sons, Inc.: Hoboken, NJ, 2005; p 250. 486 

30. Eleazer, W. E.; Odle, W. S.; Wang, Y. S.; Barlaz, M. A., Biodegradability of municipal solid waste 487 
components in laboratory-scale landfills. Environ Sci Technol 1997, 31, 911-917. 488 

31. Barlaz, M. A., Forest products decomposition in municipal solid waste landfills. Waste Manage 2006, 489 
26, 321-333. 490 

32. Buck, R. C.; Franklin, J.; Berger, U.; Conder, J. M.; Cousins, I. T.; de Voogt, P.; Jensen, A. A.; Kannan, 491 
K.; Mabury, S. A.; van Leeuwen, S. P., Perfluoroalkyl and polyfluoroalkyl substances in the 492 
environment: Terminology, classification, and origins. Integr Environ Assess Manage 2011, 7, 513-493 
41. 494 

33. Brooke, D. F., A.; Nwaogu, T. A., Environmental Risk Evaluation Report: Perfluorooctanesulphonate 495 
(PFOS); 2004; UK Environment Agency's Science Group; ISBN: 978-1-84911-124-9; 96 pp; 496 
https://www.Gov.Uk/government/uploads/system/uploads/attachment_data/file/290857/scho100497 
9brbl-e-e.Pdf. 2004. 498 

34. McBride, M. B., Environmental Chemistry of Soils. Oxford University Press: New York, 1994; p 406. 499 
35. Yang, X. L.; Huang, J.; Zhang, K. L.; Yu, G.; Deng, S. B.; Wang, B., Stability of 6:2 fluorotelomer 500 

sulfonate in advanced oxidation processes: Degradation kinetics and pathway. Environ Sci Pollut R 501 
2014, 21, 4634-4642. 502 

36. Wang, S.; Huang, J.; Yang, Y.; Hui, Y.; Ge, Y.; Larssen, T.; Yu, G.; Deng, S.; Wang, B.; Harman, C., First 503 
report of a chinese PFOS alternative overlooked for 30 years: Its toxicity, persistence, and presence 504 
in the environment. Environ Sci Technol 2013, 47, 10163-10170. 505 

37. Weiner, B.; Yeung, L. W. Y.; Marchington, E. B.; D'Agostino, L. A.; Mabury, S. A., Organic fluorine 506 
content in aqueous film forming foams (AFFFs) and biodegradation of the foam component 6: 2 507 
fluorotelomermercaptoalkylamido sulfonate (6: 2 FTSAs). Environ Chem 2013, 10, 486-493. 508 

http://www.epa.gov/oppt/pfoa/pubs/stewardship/2012_stewardship_web_site_table_final.Pdf
http://www.gov.uk/government/uploads/system/uploads/attachment_data/file/290857/scho1009brbl-e-e.Pdf
http://www.gov.uk/government/uploads/system/uploads/attachment_data/file/290857/scho1009brbl-e-e.Pdf


21 
 

38. Butt, C. M.; Muir, D. C. G.; Mabury, S. A., Biotransformation pathways of fluorotelomer-based 509 
polyfluoroalkyl substances: A review. Environ Toxicol Chem 2014, 33, 243-267. 510 

39. Trier, X.; Granby, K.; Christensen, J. H., Polyfluorinated surfactants (PFS) in paper and board coatings 511 
for food packaging. Environ Sci Pollut R 2011, 18, 1108-1120. 512 

40. Lee, H.; D'eon, J.; Mabury, S. A., Biodegradation of polyfluoroalkyl phosphates as a source of 513 
perfluorinated acids to the environment. Environ Sci Technol 2010, 44, 3305-3310. 514 

41. Benskin, J. P.; Ikonomou, M. G.; Gobas, F. A. P. C.; Begley, T. H.; Woudneh, M. B.; Cosgrove, J. R., 515 
Biodegradation of n-ethyl perfluorooctane sulfonamido ethanol (ETFOSE) and etfose-based 516 
phosphate diester (SAMPAP diester) in marine sediments. Environ Sci Technol 2013, 47, 1381-1389. 517 

42. 3M, 3M Fluorad Fluorosurfactant FC-129 Product Information Brochure. Issued 9/97, Document 98-518 
0212-0169-8, 1-4. 519 

43. Rhoads, K. R.; Janssen, E. M.; Luthy, R. G.; Criddle, C. S., Aerobic biotransformation and fate of n-520 
ethyl perfluorooctane sulfonamidoethanol (n-etfose) in activated sludge. Environ Sci Technol 2008, 521 
42, 2873-8. 522 

44. Yeung, L. W. Y.; Robinson, S. J.; Koschorreck, J.; Mabury, S. A., Part ii. A temporal study of PFOS and 523 
its precursors in human plasma from two German cities in 1982-2009. Environ Sci Technol 2013, 47, 524 
3875-3882. 525 

45. US EPA, 3M Fluorochemical Use, Distribution and Release Overview; 1999; US EPA docket AR226-526 
0550. 527 

46. Wang, N.; Liu, J. X.; Buck, R. C.; Korzeniowski, S. H.; Wolstenholme, B. W.; Folsom, P. W.; Sulecki, L. 528 
M., 6:2 fluorotelomer sulfonate aerobic biotransformation in activated sludge of waste water 529 
treatment plants. Chemosphere 2011, 82, 853-858. 530 

47. Wang, Z. Y.; Cousins, I. T.; Scheringer, M.; Hungerbuhler, K., Fluorinated alternatives to long-chain 531 
perfluoroalkyl carboxylic acids (PFCAs), perfluoroalkane sulfonic acids (PFASs) and their potential 532 
precursors. Environ Int 2013, 60, 242-248. 533 

48. Phillips, M. M.; Dinglasan-Panlilio, M. J. A.; Mabury, S. A.; Solomon, K. R.; Sibley, P. K., Fluorotelomer 534 
acids are more toxic than perfluorinated acids. Environ Sci Technol 2007, 41, 7159-7163. 535 

 536 
 537 

 538 

  539 



22 
 

Table 1: PFAS percent composition in biologically-active reactors (Biotic 1 and 2) and U.S. landfill 540 

leachate (n=6) by compound class. Landfill leachate PFAS data summarized from Allred et al. (2014).15 541 

 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 542 

median of Biotic 1 and 2. 543 

544 
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Figure 1: Cummulative methane production (a) and pH (b) in Biotic and Abiotic reactors.  545 
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Figure 2: Concentrations for PFHxS (a) and PFOS (b) in Biotic 1 and Abiotic 1 reactor leachate. Error bars 547 

for some points are too small to be seen in plot 2b.  Error bars plotted for PFOS and PFHxS represent the 548 

RSD of duplicate reactor sample analysis; RSDs did not exceed 20% 549 
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Figure 3: Concentrations of PFBA and PFHxA (short-chain PFCAs) in Biotic 1 and Abiotic 1 reactor 551 

leachate. Concentrations less than or equal to the limit of quantification (≤LOQ) are plotted graphically 552 

as ½ the calculated LOQ. Error bars represent the inter- and intraday analytical variability (RSD).15 553 
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Figure 4: Temporal trends for long-chain PFCAs including PFOA, PFNA, and PFDA in Biotic 1 and Abiotic 1 556 

reactor leachate. The log10 of concentrations were used (e.g. log10(540 pmol/kg) = 2.73) to include 557 

multiple PFCAs without obsuring analyte trends. Concentrations less than or equal to the limit of 558 

quantification (≤LOQ) are plotted graphically as log10 of ½ the calculated LOQ. Error bars represent the 559 

inter- and intraday analytical variability (RSD).15 560 
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Figure 5: Concentrations of 6:2, 8:2, 8/10:2 DiPAP (8:2 and 10:2 alkyl groups, Table S1) and DiSAmPAP in 565 

Biotic 1 (a) and Abiotic 1 (b) reactor leachate. Error bars represent the inter- and intraday analytical 566 

variability (RSD).15 567 
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Figure 6: Concentrations of 6:2 and 5:3 FTCA in Biotic 1 and Abiotic 1 reactor leachates. Error bars 572 

represent the inter- and intraday analytical variability (RSD).15 573 

 574 

 575 

 576 

  577 

0

3000

6000

9000

12000

15000

18000

0 50 100 150 200 250

Co
nc

en
tr

at
io

n 
(p

m
ol

/k
g)

 

Time (d) 

6:2 FTCA Biotic 1 5:3 FTCA Biotic 1
6:2 FTCA Abiotic 1 5:3 FTCA Abiotic 1



29 
 

 578 

 579 
 580 




