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Abstract

Per- and polyfluoroalkyl substances (PFAS) are a large group of man-made fluorinated 
organic chemicals that can accumulate in the environment. In water resource recovery facilities 
(WRRFs), some commonly detected PFAS tend to partition to and concentrate in biosolids 
where they can act as a source to ecological receptors and may leach to groundwater when land-
applied. Although biosolids undergo some stabilization to reduce pathogens before land 
application, they still contain many microorganisms, contributing to the eventual decomposition 
of different components of the biosolids. This work demonstrates ways in which microbial 
weathering can influence biosolids decomposition, degrade PFAS, and impact PFAS partitioning 
in small-scale, controlled laboratory experiments. In the microbial weathering experiments, 
compound-specific PFAS biosolids-water partitioning coefficients (Kd) were demonstrated to 
decrease, on average, 0.4 logs over the course of the 91-day study, with the most rapid changes 
occurring during the first 10 days. Additionally, the highest rates of lipid, protein, and organic 
matter removal occurred during the same time. Among the evaluated independent variables, 
statistical analyses demonstrated that the most significant solids characteristics that impacted 
PFAS partitioning were organic matter, proteins, lipids, and molecular weight of organics. A 
multiple linear regression model was built to predict PFAS partitioning behavior in biosolids 
based on solid characteristics of the biosolids and PFAS characteristics with a R2 value of 0.7391 
when plotting predicted and measured log Kd. The findings from this work reveal that microbial 
weathering can play a significant role in the eventual fate and transport of PFAS and their 
precursors from biosolids.  
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Environmental Significance Statement

Per- and polyfluoroalkyl substances (PFAS) have extensively contaminated the environment 
through land applications of biosolids, resulting in potential dietary exposure routes to human 
and ecological receptors. Water resource recovery facilities (WRRFs) receive PFAS-
contaminated influent; partitioning to the biosolids causes subsequent re-release to the 
environment. Currently, evaluations of PFAS contamination in biosolids can vastly 
underestimate the total PFAS release due to analytical limitations and transformations of 
precursor PFAS. The results of this investigation demonstrate that when biosolids are allowed to 
weather, microbial processes can rapidly decompose the quality and organic composition of the 
biosolids, transform precursor PFAS, and impact the compound-specific biosolids-water 
partitioning factors.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large and diverse family of 
organofluorine chemicals that resist degradation, accumulate in various environmental solids, 
and can be soluble in aqueous matrices.(1–3) Over the past 60 years, PFAS have been frequently 
used in household consumer products and wide scale industrial processes, commonly having 
waste streams that can enter water resource recovery facilities (WRRFs) as influent.(4–8) PFAS 
are widely used in various applications due to their high thermal and chemical stability, 
amphiphilic nature, and surfactant properties.(1,9,10) As a result, an extensive range of 
environmental matrices have been contaminated leading to persistent exposures to humans, 
wildlife, and other components of the environment. WRRFs concentrate PFAS from their 
influent and have been demonstrated to be a pathway of PFAS release to the environment 
through their liquid and solid effluents, where they can behave quite differently depending on 
their specific chemical and physical properties.(11,13–15) To date, multiple major literature 
reviews have been conducted investigating occurrence, fate, transformation, and removal of 
PFAS during wastewater treatment.(16–20) Major findings from these reviews show that PFAS 
in the WRRFs influent can accumulate in solid effluent where the extent of accumulation is 
largely dependent on compound characteristics. Through a United States National Sewage 
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Sludge Survey, it was found that most abundant PFAS compound detected was 
perfluorooctanesulfonic acid (PFOS) 403 ± 127 ng/g dry weight (dw), and the mean average load 
of 13 targeted PFAS compounds was 2749-3450 kg/year.(21) Another major finding is that 
frequently there are higher concentrations of perfluoroalkyl acids (PFAAs) in the effluents 
compared to the influent due to a combination of abiotic and microbial degradation that can 
transform PFAS precursors to recalcitrant PFAAs. 

WRRFs produce solid effluents that are typically nutrient rich materials with high organic 
matter content which can be land-applied after stabilization processes, as a fertilizer to improve 
or maintain soil quality for agriculture.(22) Sewage sludges produced in WRRFs go through 
sludge stabilization methods such as anaerobic digestion, aerobic digestion, thermal drying, lime 
stabilization, composting, and more before the dewatering and stabilization steps that produce 
regulated biosolids which can be spread on agricultural land. Biosolids are defined as stabilized 
products of solids treatment in WRRFs that meet current regulatory requirements for beneficial 
use (e.g., land application), and this terminology will be used throughout the work presented as it 
is the most commonly used term globally.(23–25) Biosolids have high organic matter content, 
active and changing microbial communities, and are applied in a variety of different settings; all 
factors that impact decomposition rates that have the potential to be closely related to PFAS fate 
and transport. For example, frequent use of biosolids applied to the surface favors the production 
of dissolved organic carbon that can be transported to deeper soil horizons.(26) Specifically 
related to components of the organic matter, proteins and lipids have been demonstrated to 
substantially decrease during digestion of biosolids due to increases in methanogenic 
populations.(27) Protein specifically is closely related to nitrogen mineralization in biosolids, 
and decomposition is often rapid over the first 14 days of storage if preventative measures are 
not taken to reduce bioavailable protein.(28,29) The organic matter components of biosolids and 
their decomposition all can play roles in PFAS behavior when land applied.(30,31)

Following land application, PFAS partition among surface soil, biosolids, groundwater, 
air, and biota. Sludge stabilization methods that generate sludge have been demonstrated to 
impact the extent of transformation of PFAS precursors and the partitioning of the compounds in 
the biosolids, therefore potentially impacting the accumulation of PFAS in these 
products.(21,32–34) Specifically, stabilization processes can have direct impacts on PFAS in 
biosolids, impacting PFAA concentrations and partitioning.(15,33,34) While treatment processes 
do not have as much of an impact on PFAS mass load in biosolids as PFAS sources to 
WRRFs(15), secondary treatment processes and stabilization methods have been shown to 
impact PFAS sorption and leaching potential.(33) In the surface soil, vadose zone, and 
groundwater, PFAS have been demonstrated to be positively correlated with biosolid mass 
loading, with steady leaching to groundwater where some compounds have been found at one to 
two times higher orders of magnitude than the soil.(20) In biosolids specifically, sustained PFAS 
leaching has been demonstrated through six months with precursors leaching and transforming 
similarly to biosolids land application.(35) Since PFAS are present in biosolids and groundwater, 
Pepper et al. looked at groundwater and biosolid contamination of agricultural soils and found 
that biosolids applications resulted in greater PFAS soil concentrations than groundwater 
application.(36) PFAS have been demonstrated to accumulate in plant tissues in PFAS 
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contaminated soils in a variety of crops such as wheat, lettuce, and tomatoes.(37–39) PFAS may 
also accumulate in those organisms that consume soil, such as earthworms(40), larger animals 
(livestock and game animals) that may feed on crops or be exposed via water, soil, and air, and 
through inhalation of dust particle sized biosolids.(41,42)

Application of biosolids as a recycling method of macronutrients is a sustainable practice 
but is constantly challenged by the increasing presence of metals and persistent organic 
pollutants.(43,44) Currently, in the United States, there are no federal minimum standards for 
PFAS concentration in biosolids for land applications(16), even though a report from 2013 
calculated substantial loads of total PFAS to the environment from biosolids.(21) Since this 
work, many agricultural lands with historical applications of biosolids have been demonstrated to 
contain PFAS in soil, crops, and groundwater.(36,45,46) As a result of these findings, there have 
been little response on the regulatory end, with only Maine requiring testing since March 2019 
for four PFAS compounds.(47) Michigan and Wisconsin have made efforts to reduce PFAS in 
WRRF influent and develop educational information directed towards the farmers using these 
products to reduce exposure risks.(48) The United States Environmental Protection Agency has 
released a PFAS Strategic Roadmap(49) which intends to determine if regulation is appropriate 
by 2024 and if so, which regulations and restrictions would improve environmental and public 
health protection. A recent review by Hall et al., compiled all of the known international 
regulations regarding PFAS in biosolids and found that only Germany and Maine have set limits 
for PFAS in biosolids for land application and other countries, such as Norway, Finland, and 
Australia are using risk-based approaches similar to Wisconsin and Michigan.(50) Due to the 
lack of regulation of PFAS in biosolids and the negative impacts associated, there is a great need 
to improve the understanding of the fate and transport of PFAS once land applied as biosolids to 
further develop knowledge on the potential impacts on environmental and human health over 
time during weathering processes.

Biosolids can be exposed to different weathering processes that can be broken down 
simply into abiotic and microbial (biotic) processes, similar to soils.(51,52) The work presented 
here aims to examine how microbial weathering, such as microbial decomposition of organic 
biopolymers, like lipids and proteins, can impact PFAS leaching potential from biosolids over 
time as the solid characteristics change. For these microbial weathering experiments, biosolids 
were collected from WRRFs (aerobic digestion, anaerobic digestion, and composting) and placed 
in an environmentally controlled chamber for three months to investigate the impacts of 
microbial weathering. Samples were characterized by their solid characteristics, a range of 
enzyme activities, PFAS sorption behavior, and PFAA precursors to realize the impacts of 
microbial activity on PFAS leaching potential and precursor PFAS transformation. To date, there 
is a modest number of studies that look at the impacts of PFAS leaching from soils and only a 
few studies on PFAS leaching from biosolids. This study investigated a selected range of PFAS 
in biosolid samples over time, providing insight to how microbial weathering influences 
biosolids characteristics, PFAS structure, PFAS fate and transport, and which specific biological 
and geochemical factors may impact PFAS partitioning to different matrices to the greatest 
extent. 
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2. Materials and Methods

2.1 Chemicals

Sodium nitrate (>99%) was obtained from GFS Chemicals (Columbus, OH, USA). 
Methanol (>99%) was obtained from Fisher Scientific (Hampton, NH, USA). Sodium hydroxide, 
(>97%), sodium azide (>99.5%) and formamide (>99%) were obtained from Sigma-Aldrich, Co. 
(St. Louis, MO, USA). Chloroform (>99.8%) was obtained from MilliporeSigma (Burlington, 
MA, USA). PFAS compounds used in this study included 7 perfluoroalkyl carboxylic acids 
(PFCA), 4 perfluoroalkyl sulfonic acids (PFSA), and 2 fluorotelomer sulfonic acids (FtS). In 
total, 13 technical-grade PFAS compounds with 95% purity or higher were used in partitioning 
experiments, of which C4- C10 PFCA and C4- C6- C8- and C10 PFSA were purchased from 
Sigma-Aldrich (St. Louis, MO, U.S.A.). 6:2 and 8:2 FtS were purchased from Toronto Research 
Chemicals (Toronto, ON, Canada). Native and mass-labelled standards were purchased from 
Wellington Labs, Inc. (Whitby, ON, Canada). PFAS concentrations were reported for 13 
analytes, perfluorobutanoic acid (PFBA), perfluorohexanoic acid (PFHxA), perfluoroheptanoic 
acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), 
perfluorodecanoic acid (PFDA), perfluorounanoic acid (PFUnA), perfluorobutanesulfonic acid 
(PFBS), perfluorohexanesulfonic acid (PFHxS), perfluorooctanesulfonic acid (PFOS), 
perfluorodecanesulfonic acid (PFDS), 6:2 fluorotelomer sulfonic acid (6:2 FtS), and 8:2 
fluorotelomer sulfonic acid (8:2 FtS).

2.2 Sample Collection, Preparation, and Storage

WRRFs representing sludge stabilization methods were recruited for biosolid samples. 
Collected biosolid samples encompassed stabilization methods of aerobic digestion (n=2), 
anaerobic digestion (n=1), and composting (n=3). Recruited WRRFs were provided instructions 
to collect samples to minimize contamination, with more detail found in a previous study.(33) 
Upon arrival, biosolid samples were stored at 4 ºC for a maximum duration of one month before 
the beginning of the study. When all samples of a specific stabilization method were received, a 
portion of the sample was set aside and had 1 g/L of sodium azide added as a control for 
microbial weathering, before compositing. After this step, all biosolid samples from each WRRF 
were dried at 105 ºC to remove moisture. Composite samples of each solids treatment type 
(treatment and sodium azide controls) were created by adding equal portions, if applicable, of 
dry weight from each WRRF in that type (aerobic digestion, anaerobic digestion, and 
composting), and stored at -20ºC. A schematic of the sample collection and processing can be 
found in the Supplementary Information (S1).

2.3 Experimental Set-Up and Design

To investigate the microbial weathering of the various biosolids, samples were placed 
into a controlled relative humidity chamber (77% ± 1%) with the temperature at 21.4 ºC ± 3.1 ºC, 
with both parameters measured once a week (i.e., 13 measurements across the experimental 
duration). These conditions were selected to represent typical United States growing season 
conditions, while controlling temperature and humidity as variable that may impact biosolids-
water Kd.(53) While conditions were at set values mirroring this climate, the design does not 
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mirror real conditions (variable temperature, humidity, and light/dark cycles), but allows for 
more controlled data analysis. Humidity was controlled by creating a saturated solution of 
sodium nitrate inside of the chamber.(54) To minimize effects from solar irradiation, the entire 
chamber was covered with cardboard to prevent light from weathering the biosolid samples. 
Biosolid samples were expected to be contaminated with PFAS prior to reception, since they 
were received from the same WRRFs as a previous publication by Ebrahimi et al., therefore no 
PFAS were added during the weathering experiments to allow for better understanding of the 
microbial weathering in a representative sample. (33) Each composited treatment type was 
separated into uncovered 50 mL polypropylene vials with 30 g ± 0.5 g of biosolids for sacrificial 
samples throughout the course of the experiment. For each treatment type, there was one sample 
with sodium azide for each collection day as inactivated with sodium azide and triplicate samples 
without sodium azide. The biosolid samples were allowed to weather in the humidity chamber 
for 91 days with routine collections at days 1, 4, 10, 32, and 91.

Figure 1. Schematic of the environmentally controlled chamber for observation of the microbial 
weathering of biosolids (left) and photo of uncovered experimental set-up (right). The chamber 
was kept in darkness to prevent solar irradiation effects, humidity was controlled through a fully 
saturated sodium nitrate salt solution placed inside the chamber, and temperature was set at room 
temperature and monitored.

2.4 Analytical Methods

2.4.1 Biosolid Characterization

For solids characterization, analyses were conducted for hydrophobicity, organic matter 
molecular weight, organic matter content (loss-on-ignition), proteins, and lipids. To characterize 
hydrophobicity and organic matter molecular weight, a modified extraction procedure was 
followed that involved an additional grinding step and extraction with formamide and sodium 
hydroxide.(55) Once extracted, hydrophobicity was measured via a reverse-phase HPLC 
method(56) to characterize the polarity distribution of biosolids extracts. This was achieved by 
calibrating eleven organic compounds with known octanol-water partitioning coefficients (Kow) 
versus the elution time in an isocratic method with methanol. Organic matter molecular weight 
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was measured by size exclusion chromatography (SEC) which estimates the molecular weight 
distribution of organic molecules(57) using  polystyrene sulfonate standards  (33400, 16000, 
7540, 5180 g/mole) and acetone (58 g/mole) as size calibration standards. To measure protein 
content of the samples, a procedure was followed(58) and determined using a modified Lowry 
Protein Assay Kit from Thermo-Fisher Scientific (Waltham, MA, USA). Lipids were measured 
through an extraction process that used chloroform and methanol, washed with Milli-Q 
UltraPure water, and determined gravimetrically.(59) Organic matter content was determined by 
loss-on-ignition at 450ºC for 8 hours.(60) 

Indicators of solids characteristics measured include DOC, DON, and pH. DOC and 
DON followed an extraction method using potassium chloride, water, and centrifugation(61) and 
then extractable DOC and DON were analyzed with the 680°C combustion catalytic oxidation 
method (Shimadzu TOC-L Series analyzer) with a measurement range from 5 µg/L to 30,000 
mg/L. Microbial activity analyses included lipase activity, protease activity, acid phosphatase 
activity, and oxygen consumption rate (OCR), and were all determined using a Molecular 
Devices FiltermaxTM F5 Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, 
USA). Lipase activity was measured using a Lipase Activity Assay Kit (Catalog No. MAK046, 
Sigma-Aldrich, Co. (St. Louis, MO, USA)). Protease activity was measured using a Protease 
Activity Fluorometric Assay Kit (Catalog No. K781-100, Biovision Inc. (Milpitas, CA, USA)). 
Acid phosphatase activity was measured using an Acid Phosphatase Activity Fluorometric Assay 
Kit (Catalog No. MAK087, Sigma-Aldrich, Co. (St. Louis, MO, USA)). Oxygen consumption 
rate was measured using an Oxygen Consumption Rate Assay Kit (Item No. 600800, Cayman 
Chemical (Ann Arbor, MI, USA)).

2.4.2 Partitioning Experiments, PFAS Analysis, and Precursor Quantification

Partitioning experiments to determine compound-specific PFAS biosolid-water 
partitioning coefficients (Kd) were conducted in polypropylene tubes and included 49.8 mL 
aqueous solution (10 mM ammonium nitrate, 5 mM ammonium bicarbonate, and pH 7) and 200 
mg (dry weight) solids, using a previously demonstrated method by Ebrahimi et al.(33) All 
sample vials were amended with 200 ng of a 14 compound PFAS and mixed end-over-end at 
room temperature for seven days to achieve equilibrium.

 PFAS analysis followed methods presented by Ebrahimi et al., where liquid fractions 
were subsampled, and then amended with methanol containing an internal standard suite (2 
µg/L). PFAS extraction from solids consisted of internal standard addition, followed by a basic 
methanol extraction and EnviCarb clean-up.(62) Total Oxidizable Precursors (TOP) assay(63) 
was also performed on the solid extracts by implementing a modified version of TOP assay for 
biosolids, without any spiking with technical grade PFAS.(64) Extractions used to determine 
precursor concentrations followed the same procedures as those extractions described for the 
partitioning experiments. Quantification of targeted PFAS for both the partitioning experiments 
and the TOP assay was achieved by LC-QTOF-MS (Sciex x500r). The details of the PFAS 
analytical methods and QA/QC procedures can be found in the SI of Ebrahimi et al.(33)

2.5 Data Analysis and Statistical Data Analysis Methods
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Calculation of various PFAS concentrations (total PFAA, PFCA, PFSA, precursor PFAS) is 
described in Supplementary Information (S2). Partitioning experiments analyzed 13 PFAS 
compounds while TOP assay results analyzed 24 PFAS, 18 PFAAs and 6 known precursor 
compounds (S3,S4). Kd is calculated by the solids PFAS concentration (mg/kg) divided by the 
aqueous PFAS concentration (mg/L) data, resulting in L/kg units. Delta log Kd was calculated by 
subtracting the final value by the initial value (Day 91-Day 1). If PFAS concentration in either 
the liquid or solid-extracted sample was below limit-of-quantitation (<LOQ), then a partitioning 
coefficient was not calculated (i.e., not considered quantitative) and omitted from final data 
analysis and visualization. Statistical analyses were performed to relate the biosolid-water 
partitioning coefficients determined throughout the course of the experiment to the solids, 
chemical, and physical characteristics of the biosolids. The effect of each parameter measured 
was looked at through single variable linear regressions, single Spearman’s rank correlations, 
and multiple linear regressions to build a predictive model for Kd depending on PFAS compound 
characteristics and biosolids characteristics. Single variable linear regressions were run in R 
using lm(), Spearman’s rank correlations were run in R using cor.test(), multiple linear 
regressions were run in R using the package “olsrr” and specifically “ols_step_all_possible” to 
determine most significant environmental factors, and then a linear regression model was built in 
R using lm().

3. Results and Discussion

3.1 Impacts of Microbial Weathering on PFAS Partitioning in Biosolids
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Figure 2. Time series for change in PFAS biosolids-water log Kd (L/Kg) for PFNA (Figure 2A), 
PFOS (Figure 2B), and 8:2 FtS (Figure 2C). n = 3 (experimental triplicate). Error bars represent 
standard deviation.

Thickened sludge can go through various sludge stabilization methods such as 
composting, anaerobic digestion, and aerobic digestion, to transform this material into stabilized 
biosolids(65), which have been found to have significant effects on resultant biosolids-water Kd 
values.(33) These stabilization methods produce biosolids that can have quite variable solids 
characteristics and microbial communities, impacting the partitioning coefficients of organic 
contaminants, like PFAS. In the study presented here, similar trends were observed where 
biosolids-water Kd values varied between stabilization methods upon receipt before any 
laboratory microbial weathering took place. In Figure 2, which depicts the change of biosolids-
water log Kd over time for compounds with equal perfluoroalkyl chain lengths (n=8) and varying 
head groups, perfluorononanoic acid (PFNA), perfluorooctanesulfonic acid (PFOS), and 8:2 
fluorotelomer sulfonic acid (8:2 FtS), it can be observed that the starting values, at day 1, were 
quite variable among stabilization methods. For example, PFOS had log Kd values of 2.87 ± 
0.57, 2.57 ± 0.08, and 2.28 ± 0.06 for aerobic, anaerobic, and composting digestion, respectively. 
A more comprehensive figure presenting all PFAS compounds analyzed can be found in the 
supplementary information (S4,S6). Once microbial weathering experiments commenced, Kd 
values were shown to significantly change even within 4 days (Figure 2). Greater decreases in Kd 
were observed over the first 10 days of the experiment than the following 81 days (Figure 2). 
This suggests that the microbial activity present in the samples is most active over the first 10 
days and is impacting those solid characteristics responsible for PFAS sorption to the biosolids 
and subsequently changing the values reflected in the biosolids-water Kd. Sodium azide 
deactivation of the microbial activity in the biosolids was insufficient – as evidenced by the fact 
solids characteristics still changed significantly over the course of the study, suggesting that 
newer methods should be investigation for microbial deactivation of biosolids without impacting 
the solids characteristics (S5). Sodium azide deactivation of sludge has been effective in other 
matrices without impacting the solid characteristics, but it has been evidenced to be essentially 
ineffective in sewage sludges.(66,67) While the microbial activity was only slightly inhibited, if 
at all, through the addition of sodium azide for deactivation in biosolid samples, it is important to 
demonstrate that other methods need to be developed for microbial studies of biosolids 
decomposition.
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Figure 3. Change (Δ) in log PFAS biosolids-water Kd over the course of the microbial 
weathering experiment. n=6 for all data points (experimental replicates). Error bars represent 
standard deviation.

Throughout the course of the microbial weathering experiment, significant changes in 
partitioning constants were observed for the majority of the PFAS compounds investigated 
across all sludge stabilization methods. As seen in Figure 3, change in biosolids-water log Kd (Δ 
log Kd) values ranged from insignificant to 2.2 but on average were around 0.4 Δ log Kd, when 
comparing Kd values on days 1 and 91. Because of the decreases in the biosolids-water Kd, once 
biosolids are land-applied there is increased potential of leaching to groundwater as weathering 
processes occur to both the biosolids and the PFAS precursors. Historically, land application of 
biosolids is a source of pollution to the crops, soils, and groundwater for a range of 
contaminants, namely metals, polychlorinated biphenyls (PCBs), and other persistent organic 
pollutants (POPs).(68,69) Once biosolids are land-applied, they are exposed to varying 
environmental conditions that may impact the partitioning of certain compounds and impact 
microbial activities.(70,71) For PFAS specifically, historical land application of biosolids have 
PFAS soil concentrations and groundwater concentrations at 1 to 2 orders of magnitude higher 
than background soils and groundwater just offsite that were not impacted by biosolids 
application(46,72,73), suggesting possible leaching. On top of leaching potential, PFAS tend to 
accumulate in the vadose zone at high concentrations, likely due to their tendency to partition to 
the air-water interface, across the world.(74) PFAS accumulation in the soil is concerning 
because it can act as a sink for continual bioaccumulation through biota as well as continual 
leaching to the groundwater. More mobile PFAS compounds, or short-chain compounds, have 
lower Kd values (S4), and therefore may have greater potential to leach to groundwater. In 
addition to changes in partitioning behavior over-time, precursor PFAS may be biotransformed 
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through the microbial activity in the biosolids, impacting the mobility of the distribution of 
PFAS. 

3.2 Changes in PFAA Precursors during Microbial Weathering – Indicative of Precursor 
Biotransformation

Figure 4. PFAS concentration change overtime for aerobic digestion (4a), anaerobic digestion 
(4b), and composting (4c) broken down into Total PFCA (PFBA, PFPeA, PFHxA, PFHpA, 
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PFOA, PFNA, PFDA, PFUnA), Total PFSA (PFBS, PFHxS, PFOS, PFDS), Precursors (broken 
down into those that oxidized into PFCA (light orange), those that oxidized into PFSA (light 
green), and unoxidized quantifiable precursors (blue) (4:2 FtS, 6:2 FtS, 8:2 FtS, N-MeFOSAA, 
N-EtFOSAA, and PFOSA)), and total PFAA (Total PFCA and PFSA summed). n=3 
(experimental replicates). Lighter shaded PFCA and PFSA represent compounds identified in the 
oxidized samples during TOP assay. Error bars represent standard deviation.

Throughout this study, the TOP assay was performed to gain a general understanding of 
the PFAAs and the PFAA precursors present in each dried sample (Figure 4). Specific 
information on how total PFAAs, total PFCAs, total PFSAs, and precursor compounds were 
calculated can be found in Supplementary Information (S2). It is important to note that precursor 
compounds were either characterized as those that oxidized into PFCAs or PFSAs or those that 
were unoxidized by the TOP assay but were detected and quantified (i.e., 4:2 FtS, 6:2 FtS, 8:2 
FtS, N-MeFOSAA, N-EtFOSAA, and PFOSA). As shown in Figure 4, across all stabilization 
methods there is an increase in total PFAAs over the 91 day experiment conducted, suggesting 
that PFAA precursors were being transformed. The increase in total PFAAs, as evidenced by the 
TOP assay, indicates that some of the precursor PFAS are being biotransformed.(75) For 
example, for aerobically digested samples, there was a large increase in total PFAA 
concentration from 312.7 µg/kg to 498.5 µg/kg. For anaerobically digested samples, there was a 
slight increase in total PFAA concentration from 198.3 µg/kg to 217.3 µg/kg. Finally, for 
composted samples, there was an increase from 476.7 µg/kg to 588.3 µg/kg. Since the biosolids 
for each stabilization method originated from different wastewater treatment plants, the change 
in total PFAAs over the 91 days could be influenced not only by the type of stabilization method 
but also differences in the precursors that were present in the biosolids from each treatment plant. 
These results are in agreement with other studies that have also shown that precursor PFAS in 
biosolids, such as methylperfluorooctanesulfonamidoacetic acid (MeFOSAA), can undergo 
biotransformation after being land-applied.(36),(72)  For example, one study looking at the 
impacts of long-term applications of PFAS contaminated biosolids on agricultural lands and 
detected high levels of on the precursor PFAS methylperfluorooctanesulfonamidoacetic acid 
(MeFOSAA) in the biosolid but no detection in the soils post-application, suggesting rapid 
biotransformation.(36)  Another study on MeFOSAA in land-applied biosolids and biosolids 
amended soils also reported significant decreases in MeFOSAA concentrations but not 
significant increases in PFOS, a known transformation product.(72) In our work, over the 91 day 
study, we also observed significant decreases in the quantifiable precursor PFAS in unoxidized 
samples investigated (4:2 FtS, 6:2 FtS, 8:2 FtS, Me-FOSAA, Et-FOSAA, and PFOSA) (S3), 
which could have been the cause of the increases in PFSAs seen in Figure 4.  

Within the total PFAA concentrations, total PFCAs and total PFSAs were investigated to 
see if precursor PFAS in each sample were precursors for PFCAs or PFSAs and if there were 
differences between sludge stabilization methods. Across all sludge stabilization methods, 
significant increases in PFSA concentrations were observed: aerobically digested samples 
increased 84.8%, anaerobically digested samples increased 53.2%, and composted samples 
increased 64.8%. Increases in PFCA concentrations varied between samples and if increased, 
was at a lesser magnitude than PFSAs: aerobically digested samples increased 24.1%, composted 
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samples increased 7.9%, but by contrast anaerobically digested samples decreased 21.3%. These 
data suggest that there are significant PFSA precursors in the biosolid products that are 
metabolized by microbes in the samples, a more common process in biological than chemical 
transformations.(76) In fact, precursors of PFOS, MeFOSAA, EtFOSAA and PFOSA, were all 
shown to decrease over the 91 day study (S3).  For PFCAs, it was observed that there were slight 
increases in concentrations for composted and aerobically digested samples, while there was a 
slight decrease in the anaerobically digested sample). It is uncertain whether PFCA precursors 
are easily transformed in the WRRF processes (i.e., prior to collection) or underwent 
biotransformation processes more slowly than the PFSA precursors in the experimental set-up. 
While it is likely that this difference came from sampling and analysis variation or other losses, 
there is some evidence that terminal PFAS (PFAS that are regarded to not further degrade, which 
includes PFAAs) have potential to transform in anaerobic conditions.(77–79)

Although there is evidence that precursors of PFAAs are being generated, upon a closer 
look at the data presented in Figure 4 it becomes apparent that there were inefficiencies in the 
oxidation step of the TOP assay that complicate interpretation of this data, and it is suggested to 
follow a hydrogen peroxide pretreatment for future work.(80) In the data presented in Figure 4, 
the precursor concentrations determined from the TOP assay remained relatively constant while 
the total PFAA concentration increased, suggesting ineffectiveness. In theory, the TOP assay is 
expected to only create PFCAs but it was observed that PFSAs were formed as well. In addition, 
it was also expected that total PFAA concentration should remain constant across the 91 days if 
the TOP assay is 100% efficient in oxidizing the precursors but this was not the case (as shown 
in Figure 4), indicating inefficiencies in the TOP assay conducted for the biosolid samples in this 
study . TOP assay inefficiencies have also been demonstrated in other work involving PFAS in 
biosolids.(35) Other work has found extensive contamination of biosolids by precursor PFAS 
(other than the six quantified in this study) (S3)), such as perfluorophosphinates (PFPiAs), 
polyfluoroalkyl phosphoric acid diesters (diPAPs), and perfluorophosphonates (PFPAs), 
providing a potential explanation for the increase in total PFAAs in this study but relatively 
consistent concentrations of precursor PFAS.(35,81,82) In our TOP assay results, the diPAPs (or 
other associated precursors) likely have been unaccounted for due to the chemical behavior 
and/or matrix issues associated with the biosolids extracts.(35)

Influents to WRRFs containing PFAS can contain a range of PFAS from a diverse set of 
precursor PFAS to the recalcitrant terminal PFAAs that do not degrade under typical 
environmental conditions.(83) This diversity of precursor compounds in influent can lead to 
different proportions of PFCAs and PFSAs in biosolids, depending on the contamination sources 
are. While it is not fully understood whether transformation to PFCAs or PFSAs are most 
common, it is likely that the most important concept is understanding the extent of precursor 
PFAS presence in the biosolids to understand the level of PFAS leaching potential from land-
applied biosolids.(35) Throughout WRRF processes, it has been demonstrated that precursor 
PFAS can be transformed and that the effluents can contain high concentrations of terminal 
PFAS. (17,84,85) In wastewater, precursor PFAS can account for up to 63% of total PFAS 
concentrations.(86) While degradation may occur, full transformation to terminal PFAS does not 
occur, shown by the present of precursor PFAS in effluents from WRRFs, like Class B 
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biosolids.(36) As a result, PFAS contaminated biosolids that are land-applied will have a 
distribution of both terminal PFAS (PFAAs) and precursor PFAS.

The various stabilization methods can also play a role in the extent of biotransformation 
of the precursors in the final biosolid products that were received. Composting and aerobically 
digested samples have been demonstrated to have high microbial activities leading to increased 
precursor PFAS transformation rates(87,88), which is in agreement with the results shown in 
Figure 4a and 4c from the present study. Anaerobically digested samples, Figure 4b, did not 
show as great of a transformation to terminal PFAS throughout the experiment. This observation 
could be a result of limited precursor biotransformation in anaerobic conditions compared to that 
which occurs in aerobic conditions at WRRFs.(89–91) 

As demonstrated in Figure 4, there is little to no change in total PFAA concentrations in 
Days 1, 4, and 10 and clear increases in total PFAA concentrations in the Day 32 and 91 
samples. For days 1-10 the rate change in total PFAA are -4.41 µg/kg/day, -0.78 µg/kg/day, and 
-2.95 µg/kg/day for aerobic digestion, anaerobic digestion, and composting, respectively. For 
days 10-91 the increase rates for total PFAA are 2.78 µg/kg/day, 5.64 µg/kg/day, and 1.36 
µg/kg/day, for aerobic digestion, anaerobic digestion, and composting, respectively. Calculations 
used to determine these values can be found in Supplementary Materials (S7). The first 10 days 
had negative values of rate change for total PFAA possibly due to partial biotransformation of 
precursor PFAS to transient products and the last 81 days had positive values of rate change 
related to further transformations to terminal PFAS. These data suggest that any 
biotransformation of precursor PFAS is slow to occur in the beginning of the weathering 
experiment. The microbial activity in the samples may target more easily digestible carbon 
sources until they are depleted or inaccessible before metabolizing any part of the precursor 
PFAS, especially in the anaerobic samples. The anaerobic samples had the highest OCR (Figure 
5) and the greatest organic matter content (S5) when received, providing further evidence of 
easily digestible carbon sources and why the change to total quantifiable PFAS may not be as 
significant as in the aerobic and composting samples. The microbial environment has been 
demonstrated to play a significant role in the rate and extent of biotransformation in soils and 
biosolids, however the body of work looking at microbial weathering specifically related to 
agricultural practices is limited. In biosolids specifically, there has been few studies on the 
transformation products over-time, but the work done on PFAS contaminated soils, specifically 
those of biosolids-amended soils(92,93), can give insight into the mechanisms responsible for 
transformations.

3.3 Changes in Solids Characteristics and Biological Activity During Microbial Weathering 
of Biosolids
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Figure 5. Oxygen consumption rate (OCR) and organic matter (%) over time. n=3 for each data 
point for days 1, 4, 10, 17, 32, and 91. Error bars represent standard deviation.

By looking at general oxygen consumption rate (OCR) and organic matter (Figure 5) 
throughout the experiment, we can observe the impacts of microbial activity in the sample at 
each time point. While this does not bring insight into the differences in microbial communities 
between stabilization methods, it provides information on the microbial activity throughout the 
experiment and can infer what may happen to the solids characteristics and environments that 
may help facilitate the biotransformation of precursor PFAS. The greatest rate change (S5) in 
organic matter occurs between days 4 and 17 for anaerobic and aerobic samples, which also 
coincides with the greatest OCRs. For composting samples, the greatest rate change in organic 
matter occurs initially, and the peak OCR may have been between days 1 and 4. After day 17, 
changes in organic matter and OCRs begin to decrease slowly. Since the peak OCR generally 
coincides with the greatest changes in organic matter it suggests that the greatest degradation of 
organics occurs when microbial activity is highest in these samples. Interestingly, composting 
samples had the highest peak OCR (Figure 5) and the lowest percent rate of generation of 
terminal PFAS (Figure 4), suggesting that there is more easily digestible organic material in the 
biosolid product and there may be a lag period before precursor PFAS may be digested 
compared to aerobic digestion and composting samples.
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Figure 6. Lipase activity and lipids (Figure 3a) and protease activity and lipids (Figure 3b) over 
time. n=3 for each data point for days 1, 4, 10, 17, 32, and 91. Error bars represent standard 
deviation.

Organic matter consistently decreased over the course of the experiment but at different 
rates. Proteins, lipids, and their associated enzyme activities were also investigated for 
components of the organic matter (Figure 6). Here, similar trends to Figure 5 can be observed 
where peak enzyme activity occurs when the specific biopolymer is being degraded (proteins and 
lipids). However, protease activity and protein decomposition appeared to peak between days 10 
and 17 while lipase activity and lipid decomposition occurred earlier on, between days 4 and 10. 
Anaerobic digestion has a relatively steep change in lipid content over the first 10 days and a 
high initial peak lipase activity, likely due to the heavy presence of lipids (volatile fatty acids) 
commonly found in these digesters and produced biosolids. (94) Since PFAS have been shown to 
interact with proteins and lipids, it was important to study how it changes throughout the course 
of the experiment. To fully investigate the solids characteristics, a wider variety of factors were 
sampled for at each time point throughout the course of the experiment (days 1, 4, 10, 17, 32, 
and 91), as shown in Supplementary Information (S5), and comparisons of the characteristics 
between stabilization methods are presented. 

Among the biosolids stabilization methods there were significant differences in many of 
the general characteristics, specifically organic matter, lipids, and proteins. For example, organic 
matter was 57.37% in aerobic samples, 65.33% in anaerobic samples, and 62.12% in composting 
samples. Organic matter content decreased during the 91 days microcosm weathering as follows: 
aerobic samples decreased 15.19%, anaerobic samples decreased 25.25%, and composting 
samples decreased 27.3%. Aerobic samples had the highest protein content while anaerobic 
samples had the highest lipid content; composting samples were consistently the lowest for 
proteins and lipids across all time points. Interestingly, composting samples had the lowest 
extractable DOC and increased throughout the experiment while aerobic and anaerobic samples 
extractable DOC decreased. Since PFAS have been demonstrated to associate with DOC(95), 
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this suggests that the weathering of composted biosolids may lead to increased leaching 
compared to aerobically and anaerobically digested samples through this mechanism.

Figure 7. Log Koc vs PFAS. n=15 (experimental replicates) for each compound. Koc values were 
calculated by multiplying the Kd times 100 and dividing by the fraction of organic carbon (%) 
(assumed 50% of mass from loss-on-ignition is carbon) for sampling days 1 and 91 of the 
microbial weathering experiment. Error bars represent standard deviation.

Many PFAS have been demonstrated to be associated with organic matter in solid 
matrices and are commonly removed from water through adsorption processes to organic 
material, like granular activated carbon. In Figure 7, it can be observed that when biosolids-water 
log Kd values are adjusted for the fraction of organic carbon (foc), then the values are relatively 
consistent, suggesting that the foc of these biosolids is a dominant variable affecting PFAS 
sorption, further explored in section 3.4. Koc is a soil organic carbon normalized adsorption 
coefficient and may not directly capture contributions from electrostatic interactions. While this 
may be the case, there is considerable variability in some of the values that suggests there are 
secondary explanatory variables that are responsible for change in Kd, for each compound. Some 
PFAS have been demonstrated to be amphiphilic, leading to partitioning to interfaces(96,97) 
since the PFAS tail is hydrophobic and the head group often polar and hydrophilic.(1) The main 
three mechanisms believed to be responsible for PFAS sorption to solids include hydrophobic 
effects (associations with organic carbon), electrostatic interactions (charge of functional group) 
(98), and interfacial partitioning. To date, the literature has demonstrated PFAS sorption to be 
most closely correlated with organic carbon content and pH.(99) Many of the sorption studies 
work under the assumption that there is equilibrium and sorption is reversible, while sometimes 
this is not the case depending on the compound and matrix.(100) Additionally, PFAS sorption 
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can be concentration dependent, where they tend to sorb more strongly at low 
concentrations.(101) Lower pH has been shown to enhance sorption as well, and increases in 
ionic strength and the valency of the cations can actually increase PFAS partitioning to 
solids.(98,102) A recent study has shown that increased cation valency and ionic strength 
increase the sorption through a mechanism that increases the hydrophobic interactions between 
PFAS and solids.(103)

While microbial weathering has been demonstrated to play a key role in changing the 
quality of soils and biosolids, other environmental conditions such as rainfall, solar irradiation, 
and physical disturbances impact soil weathering, all which would be relevant in real-life 
weathering situations, but this study looks specifically at microbial weathering. As these solids 
are weathered, leaching potential can be altered and PFAS may be transported to the 
groundwater or be bioaccumulated. The microbial community may vary between stabilization 
methods but also over-time in weathering processes, which may impact how biosolids are 
decomposed and could lead to favorable environments for both PFAS and precursor PFAS 
transformations.

3.4 Linking PFAS Kd to Factors that Changed during Microbial Weathering

It has been demonstrated that the biosolids characteristics, the PFAS compound-specific 
biosolids-water partitioning coefficients, and precursor PFAS have changed throughout the 
course of the experiment. To better explore the relationships between change in PFAS 
partitioning factors and the characteristics of the solid biosolid matrix they interact with, a few 
statistical tests were conducted. For each compound, single linear regressions were run for each 
environmental factor to explore the significance of each and to which level (S8-20). It became 
apparent through the single linear regressions that some environmental factors had significant 
relationships with Kd values, but many were insignificant, not linearly related, and had non-
normally distributed relationships. As a result, non-parametric Spearman’s Rank Correlation 
Coefficients were calculated for each relevant environmental characteristic and Kd values (Figure 
8). 
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Figure 8. Results from Spearman’s Rank Correlation Coefficients for relevant environmental 
factors related to the PFAS biosolids-water Kd values. Strongly positively correlated factors are 
presented as dark blue and strongly negatively correlated factors are presented as dark red. 
PFPeA was analyzed for, but omitted, due to potential cross-contamination.

Spearman’s rank correlation coefficient tests indicated that for the majority of the PFAS 
compounds, the most significant environmental factors that were positively correlated with the 
biosolids-water partitioning coefficient were proteins, lipids, and organic matter, while organic 
matter molecular weight was negative correlated with Kd, as indicated in Figure 8, with the full 
results in Supplementary Information, S22. Positively correlated results suggest that increases in 
the magnitude of those increased the PFAS partitioning to the solids (increased log Kd value), 
while negatively correlated results had a nonlinear response or decrease in Kd values. For organic 
matter molecular weight, there has been evidence that the organic matter molecular weight has a 
bimodal distribution with the smallest and largest particle sizes binding the greatest percentage 
of organic contaminant.(104) . Multiple linear regressions were run with “ols_step_all_possible”, 
in R to calculate the adjusted-R2 values for for the environmental factors of organic matter, 
organic matter molecular weight, proteins, and lipids (S23) for each compound. Since the 
adjusted R2 resultant values were variable and Kd values have been demonstrated to be strongly 
impacted by perfluorinated carbon chain length, head groups containing sulfur (PFSAs and 
FtSs), and compounds with unfluorinated regions (FtS)(33,105) , multiple linear regression 
model was built to include these variables. Since the multiple linear regressions varied greatly 
when PFAS characteristics were not built in (S23), the complete model was built with the 
significant environmental factors (ρ >±0.4)  determined using the compound-specific 
Spearman’s Rank Correlation Coefficients, perfluorinated carbon chain length, presence of sulfur 
in the head group, and unfluorinated carbon chain sections, to allow for Kd to be predicted for 
each PFAS compound from these environmental factors and compound characteristics in 
biosolids.
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𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽4𝑥4 + 𝛽5𝑥5 + 𝛽𝑆𝑢𝑙𝑓𝑋𝑆𝑢𝑙𝑓 + 𝛽𝑈𝑛𝑓𝑙𝑢𝑜𝑟𝑋𝑈𝑛𝑓𝑙𝑢𝑜𝑟

 (1)

The multiple linear regression model (Equation 1) was built using only the environmental 
factors that were determined to have significant linear relationships with PFAS partitioning (Kd) 
(Supplementary Materials, S8-23). In Formula 1, y = log biosolids-water biosolid-water 
partitioning coefficients Kd,  = y-intercept, = slope coefficients for explanatory variables 𝛽0 𝛽1 ― 5
(organic matter (%), lipids (%), proteins (%), Log organic matter molecular weight (Da), and 
perfluorinated alkyl chain length),   = slope coefficient for compounds with sulfur 𝛽𝑆𝑢𝑙𝑓
containing moiety, = explanatory variables (solids characteristics), x5 = perfluorinated 𝑥1 ― 4
chain length, = dummy variable for compounds with sulfur containing moiety, and 𝑋𝑆𝑢𝑙𝑓 𝑋𝑈𝑛𝑓𝑙𝑢𝑜𝑟
= dummy variable for compounds with unfluorinated region. 

Table 1. Results from multiple linear regression model for slope coefficients, variables, 
intercept, and dummy variables.

Slope Coefficient ( x)𝜷 Explanatory Variable (xx)

0 = -1.52𝜷
1 = -0.0255𝜷 x1 = Lipids (%)
2 = 0.125𝜷 x2 = Proteins (%)
3 0.0024𝜷 x3 = Organic Matter (%)
4 = -0.0637𝜷 x4 = Log Organic Matter Molecular Weight
5 = 0.370𝜷 x5 = Perfluorinated Chain Length
Sulf = 0.423𝜷 XSulf = Sulfur Containing Moiety
Unfluor = 0.234𝜷 XUnfluor = Unfluorinated Region (two carbon)
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Figure 9. Predicted biosolids-water log Kd against measured biosolids-water log Kd values for 
multiple linear regression model. The shape of the marker signifies the class of PFAS defined by 
the headgroups and the number refers to the perfluorinated chain length of the compound. 
Adjusted R2 = 0.7941, F-statistic = 107.1 on 7 and 187 DF, p-value <2.2e-16 values for the 
predicted multiple linear regression. 1:1 line with y-intercept of 0.5 is also displayed to show 
goodness-of-fit. 

The purpose of the multiple linear regression built was to evaluate the impact that PFAS 
compound characteristics and environmental factors have on PFAS distribution throughout 
environmental biosolid samples between water and solids. Figure 9 presents the measured log Kd 
values for each PFAS compound and the predicted log Kd values for each compound through the 
multiple linear regression model. The adjusted R2 value between the predicted and measured 
values was 0.7941, suggesting that this built model can predict Kd for PFCAs, PFSAs, and FtS 
compounds by knowing the organic matter, proteins, lipids, and organic matter molecular weight 
in biosolids combined with the known compound characteristics. The practical results that come 
from this model build off what is already known about PFAS partitioning in the environment, 
that the compound characteristics have the most significant effects.(106) In this model, the most 
important drivers of partitioning for compound characteristics are sulfur containing moiety (β = 
0.423), perfluorinated carbon chain length (β = 0.370), and unfluorinated chain length region (β 
= 0.234), in that order. For environmental drivers, the order of significant on partitioning impact 
was proteins (β = 0.125), log organic matter molecular weight (β = 0.0637), organic matter (β = 
0.0637), and lipids (β = 0.0225). The results suggests that while PFAS compound characteristics 
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impact PFAS partitioning behavior the greatest, changes in environmental conditions can have 
significant impacts as well and can be modeled. While the model shows a close connection 
between predicted partitioning coefficients and measured partitioning coefficients, there are 
outliers in the model. The outliers for the compounds study are PFBA, a short-chain PFAS 
compound, and the long-chain PFSA compounds. Lab-based modeling studies have established 
that there are limitations to modeling PFAS using equilibrium sorption parameters due to rate-
limited sorption considerations.(107,108) PFBA sorption has a greater influence of ionic 
interactions than other PFAS compounds and long-chain PFAS compounds, specifically PFSAs 
can have non ideal sorption/desorption behavior during partitioning experiments.(109)

 Microbial activity directly impacts the solids characteristics and can be monitored but 
understanding the PFAS interactions with the solids characteristics can provide more detailed 
insight into how PFAS partitioning in the environment and what components have the greatest 
effects. Ebrahimi et al. looked at solids characteristics of biosolids (proteins, lipids, and organic 
matter) through single variable linear regressions and a multiple linear regression and determined 
all three to have significant impacts on PFAS partitioning.(33) The model in this study however, 
includes organic matter molecular weight and PFAS characteristics, allowing for a more 
comprehensive and better fit model. A closer look at Figure 9 reveals that the log Kd values of 
PFAS in biosolids end up grouping by the perfluorinated chain length and head group, shown by 
color and shape, as previously demonstrated. The significance of the results of the linear 
regression model is that if site characteristics are known and PFAS are believed to impact a site, 
then the PFAS partitioning and environmental impact can be better understood before measuring 
PFAS across all the matrices at the site, which can help to understand which environmental 
matrices will be affected by which PFAS and improve knowledge on their fate and transport.

4. Conclusions

This work provides evidence that microbial weathering processes that lead to degradation 
of organic matter and biopolymers (as indicated by lipase activity, protease activity, and oxygen 
consumption rate, as well as changes in lipid, protein, and organic content) can impact PFAS 
partitioning and increase leaching potential in biosolids. In addition to microbial decomposition 
of organic compounds, biotransformation of PFAS during microbial weathering was observed, 
with the extent of PFAA formation depending on the amount and presence of precursor-PFAS in 
the sample. In addition to increased PFAA concentrations, PFSAs or PFCAs can dominate the 
transformation products depending on the distribution of PFAS in the sample, however the exact 
mechanisms of these transformation are not well understood. The multiple linear regression 
model showed that it is possible to accurately predict compound-specific PFAS biosolids-water 
partitioning coefficients (Kd) values from the PFAS characteristics (perfluorinated alkyl chain 
length and sulfur containing moieties) and key characteristics of the biosolids (lipids, proteins, 
organic matter, and organic matter molecular weight) for a limited range of PFAS, although 
commonly detected. While the results from this work demonstrated that microbial activity 
impacts PFAS partitioning and we were able to predict Kd values in these specific biosolid 
samples, future work is needed to predict Kd values for a wider range of PFAS compounds 
(varying head groups, extent of fluorination, able to be biodegraded) in other environmental 
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matrices and develop more knowledge on the mechanisms of the biotransformation processes 
occurring in the biosolids.

Credit Author Statement

Asa J Lewis: Conceptualization; Methodology; Investigation; Data Curation; Writing – Original 
Draft, Writing – Review & Editing. Farshad Ebrahimi: Conceptualization; Methodology; 
Investigation; Data Curation: Writing – Review & Editing. Erica R. McKenzie: Funding 
Acquisition; Supervision; Conceptualization; Writing - Review & Editing. Rominder Suri: 
Funding Acquisition; Writing - Review & Editing; Supervision. Christopher M. Sales: Funding 
Acquisition; Supervision; Conceptualization; Writing - Review & Editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Science Foundation (NSF) with a grant from the NSF 
(CBET-1805127) awarded to Christopher M. Sales at Drexel University, a grant (CBET-
1805588) awarded to Erica R. McKenzie and Rominder P. Suri at Temple University, and by the 
Water Research Foundation (WRF) with an award (no. 5002) awarded to Erica R. McKenzie, 
Christopher M. Sales, and Rominder P. Suri.

References
1. Buck RC, Franklin J, Berger U, Conder JM, Cousins IT, de Voogt P, et al. Perfluoroalkyl and 

Polyfluoroalkyl Substances in the Environment: Terminology, Classifications, and Origins. Integr 
Environ Assess Manag. 2011;7(4):513–41. 

2. Conder JM, Hoke RA, de Wolf W, Russell MH, Buck RC. Are PFCAs Bioaccumulative? A Critical 
Review and Comparison with Regulatory Criteria and Persistent Lipophilic Compounds. Environ 
Sci Technol. 2008;42(4):995–1003. 

3. Kissa E. Fluorinated surfactants and repellents. 2nd ed. Boca Raton, FL: CRC Press; 2001. 

4. Boronow KE, Brody JG, Schaider LA, Peaslee GF, Havas L, Cohn BA. Serum concentrations of 
PFASs and exposure-related behaviours in African American and non-Hispanic white women. J 
Expo Sci Environ Epidemiol. 2019;29:206–17. 

5. Fujii S, Polprasert C, Tanaka S, Lien NPH, Qui Y. New POPs in the water environment: 
Distribution, bioaccumulation and treatment of perfluorinated compounds - A review paper. J Water 
Supply Res Technol -AQUA. 2007;56(5):313–26. 

6. Prevedouros K, Cousins IT, Buck RC, Korzeniowski SH. Sources, Fate and Transport of 
Perfluorocarboxylates. Environ Sci Technol. 2006;40(1):32–44. 

7. Wang Z, DeWitt JC, Higgins CP, Cousins IT. A Never-Ending Story of Per- and Polyfluoroalkyl 
Substances (PFASs)? Environ Sci Technol. 2017;51:2508–18. 

Page 23 of 31 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8. Domingo JL, Nadal M. Human exposure to per- and polyfluoroalkyl substances (PFAS) through 
drinking water: A review of the recent scientific literature. Environ Res. 2019;177. 

9. Henry BJ, Carlin JP, Hammerschmidt JA, Buck RC, Buxton LW, Fiedler H, et al. A critical Review 
of the Application of Polymer of Low Concern and Regulatory Criteria to Fluoropoloymers. Integr 
Environ Assess Manag. 2018;14(3):316–34. 

10. Johnson MS, Buck RC, Cousins IT, Weis CP, Fenton SE. Estimating Environmental Hazard and 
Risks from Exposure to Per- and Polyfluoroalkyl Substances (PFASs): Outcome of a SETAC 
Focused Topic Meeting. Environ Toxicol Chem. 2021;40(3):543–9. 

11. Giesy JP, Kannan K. Perfluorochemical surfactants in the environment. Environ Sci Technol. 
2002;36(7):146A-152A. 

12. Kannan K. Perfluoroalkyl and polyfluoroalkyl substances: current and future perspectives. 
Enviromental Chem. 2011;8(4):333–8. 

13. Kumar K. Fluorinated Organic Chemicals: A Review. 2005;9(3):50–79. 

14. Ahrens L. Polyfluoroalkyl compounds in the aquatic environment: a review of their occurrence and 
fate. J Environ Monit. 2011;13(1):20–31. 

15. Lazcano RK, de Perre C, Mashtare ML, Lee LS. Per- and polyfluoroalkyl substances in 
commercially available biosolid-based products: The effect of treatment processes. Water Environ 
Res. 2019;91(12):1669–77. 

16. Arvaniti OS, Stasinakis AS. Review on the occurrence, fate and removal of perfluorinated 
compounds during wastewater treatment. Sci Total Environ. 2015;524–525:81–92. 

17. Lenka SP, Kah M, Padhye LP. A review on the occurrence, transformation, and removal of poly- 
and perfluoroalkyl substances (PFAS) in wastewater treatment plants. Water Res. 2021;199. 

18. Vu CT, Wu T. Recent progress in adsorptive removal of per- and poly-fluoroalkyl substances 
(PFAS) from water/wastewater. Crit Rev Environ Sci Technol. 2022;52(1):90–129. 

19. Barisci S, Suri R. Occurrence and removal of poly/perfluoroalkyl substances (PFAS) in municipal 
and industrial wastewater treatment plants. Water Sci Technol. 2021;84(12):3442–68. 

20. Winchell LJ, Wells MJM, Ross JJ, Fonoll X, Norton Jr. JW, Kuplicki S, et al. Analyses of per- and 
polyfluoroalkyl substances (PFAS) through the urban water cycle: Toward achieving an integrated 
analytical workflow across aqueous, solid, and gaseous matrices in water and wastewater treatment. 
Sci Total Environ. 2021;774. 

21. Venkatesan AK, Halden RU. National inventory of perfluoroalkyl substances in archived US 
biosolids from the 2001 EPA National Sewage Sledge Survey. J Hazard Mater. 2013;252:413–8. 

22. How Wastewater Treatment Works... The Basics. United States Environmental Protection Agency; 
1998. 

23. What are biosolids? [Internet]. Australian & New Zealand Biosolids Partnership; 2020. Available 
from: https://www.biosolids.com.au/info/what-are-biosolids/

Page 24 of 31Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24. Basic Information About Biosolids [Internet]. United States Environmental Protection Agency; 
2022. Available from: https://www.epa.gov/biosolids/basic-information-about-biosolids

25. Nriagu JO. Encyclopedia of Environmental Health. 2nd ed. Elsevier; 2019. 4884 p. 

26. Lorenz K, Lal R. The Depth Distribution of Soil Organic Carbon in Relation to Land Use and 
Management and the Potential of Carbon Sequestration in Subsoil Horizons. Adv Agron. 
2005;88:35–66. 

27. Griffin ME, McMahon KD, Mackie RI, Raskin L. Methanogenic Population Dynamics during Start-
Up of Anaerobic Digesters Treating Municipal Solid Waste and Biosolids. Biotechnol Bioeng. 
1998;57(3):343–55. 

28. Rowell DM, Prescott CE, Preston CM. Decomposition and Nitrogen Mineralization from Biosolids 
and Other Organic Materials: Relationship with Initial Chemistry. J Environ Qual. 2001;30:1401–
10. 

29. Higgins MJ, Adams G, Chen YC, Erdal Z, Forbes Jr RH, Glindemann D, et al. Role of Protein, 
Amino Acids, and Enzyme Activity on Odor Production from Anaerobically Digested and 
Dewatered Biosolids. Water Environ Res. 2008;80(2):127–35. 

30. Armitage JM, Arnot JA, Wania F. Potential role of phospholipids in determining the internal tissue 
distribution of perfluoroalkyl acids in biota. 2012;12285–6. 

31. Glatz JF, Luiken JJ, Van Bilsen M, van der Vusse GJ. Cellular lipid binding proteins as facilitators 
and regulators of lipid metabolism. Mol Cell Biochem. 2002;239(1–2):3–7. 

32. Letcher RJ, Chu S, Smyth SA. Side-chain fluorinated polymer surfactants in biosolids from 
wastewater treatment plants. J Hazard Mater. 2020;388. 

33. Ebrahimi F, Lewis AJ, Sales CM, Suri R, McKenzie ER. Linking PFAS partitioning behavior in 
sewage solids to the solid characteristics, solution chemistry, and treatment process. Chemosphere. 
2021;271. 

34. Lakshminarasimman N, Gewurtz SB, Parker WJ, Smyth SA. Removal and formation of 
perfluoroalkyl substances in Canadian sludge treatment systems - A mass balance approach. Sci 
Total Environ. 2021;754. 

35. Schaefer CE, Hooper J, Modiri-Gharehveran M, Drennan DM, Beecher N, Lee L. Release of poly- 
and perfluoroalkyl substances from finished biosolids in soil mesocosms. Water Res. 
2022;217:118405. 

36. Pepper IT, Brusseau ML, Prevatt FJ, Escobar BA. Incidence of Pfas in soil following long-term 
application of class B biosolids. Sci Total Environ. 2021;793:148449. 

37. Scher DP, Kelly JE, Huset CA, Barry KM, Hoffbeck RW, Yingling VL, et al. Occurrence of 
perfluoroalkyl substances (PFAS) in garden produce at homes with a history of PFAS-contaminated 
drinking water. Chemosphere. 2018;196:548–55. 

Page 25 of 31 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



38. Blaine AC, Rich CD, Sedlacko EM, Hyland KC, Stushnoff C, Dickenson ERV, et al. Perfluoroalkyl 
Acid Uptake in Lettuce (Lactuca sative) and Strawberry (Fragaria ananassa) Irrigated with 
Reclaimed Water. Environ Sci Technol. 2014;48(24):14361–8. 

39. Zhang L, Sun H, Wang Q, Chen H, Yao Y, Zhao Z, et al. Uptake mechanisms of perfluoroalkyl 
acids with different carbon chain lengths (C2-C8) by wheat (Triticum acstivnm L.). Sci Total 
Environ. 2019;654:19–27. 

40. Navarro I, de la Torre A, Sanz P, Pro J, Carbonell G, de los Ángeles Martínez M. Bioaccumulation 
of emerging organic compounds (perfluoroalkyl substances and halogenated flame retardants) by 
earthworm in biosolid amended soils. Environ Res. 2016;149:32–9. 

41. Death C, Bell C, Champness D, Milne C, Reichman S, Hagen T. Per- and polyfluoroalkyl 
substances (PFAS) in livestock and game species: A review. Sci Total Environ. 2021;774. 

42. Borthakur A, Leonard J, Koutnik VS, Raji S, Mohanty SK. Inhalation risks from wind-blown dust 
in biosolid-applied agriculutural lands: Are they enriched with microplastics and PFAS? Curr Opin 
Environ Sci Health. 2022;25. 

43. Eriksson E, Christensen N, Schmidt JE, Ledin A. Potential priority pollutants in sewage sludge. 
Desalination. 2008;226(1–3):371–88. 

44. Harrison EZ, Oakes SR, Hysell M, Hay A. Organic chemicals in sewage sludges. Sci Total Environ. 
2006;367(2–3):481–97. 

45. Rankin K, Mabury SA, Jenkins TM, Washington John W. A North American and global survey of 
perfluoroalkyl substances in surface soils: Distribution patterns and mode of occurrence. 
Chemosphere. 2016;161:333–41. 

46. Johnson GR. PFAS in soil and groundwater following historical land application of biosolids. Water 
Res. 2022;211:118035. 

47. Burns D. Requirement to analyze for PFAS compounds to Licensed facilities that land apply, 
compost, or process sludge in Maine [Internet]. 2018. Available from: 
https://www.maine.gov/dep/spills/topics/pfas/03222019_Sludge_Memorandum.pdf

48. Land Application of Biosolids Containing PFAS [Internet]. Michigan Department of Environment, 
Great Lakes, and Energy; 2021. Available from: https://www.michigan.gov/documents/egle/wrd-
PFAS-Biosolids-Strategy_720326_7.pdf

49. PFAS Strategic Roadmap: EPA’s Commitments to Action 2021-2024. United States Environmental 
Protection Agency; 2021. 

50. Hall H, Moodie D, Vero C. PFAS in biosolids: A review of international regulations. Water E-J. 
2021;5(4):1–11. 

51. Blagodatsky S, Blagodatskaya E, Yuyukina T, Kuzyakov Y. Model of apparent and real priming 
effects: Linking microbial activity with soil organic matter decomposition. Soil Biol Biochem. 
2010;42(8):1275–83. 

Page 26 of 31Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



52. Bernal MP, Alburquerque JA, Moral R. Composting of animal manures and chemical criteria for 
compost maturity assessment: A review. Bioresour Technol. 2009;100(22):5444–53. 

53. Sharma M, Millner PD, Hashem F, Vinyard BT, East CL, Handy ET, et al. Survival of Escherichia 
coli in Manure-Amended Soils Is Affected by Spatiotemporal, Agricultural, and Weather Factors in 
the Mid-Atlantic United States. Appl Environ Microbiol. 2019;85(5):e02392-18. 

54. Greenspan L. Humidity Fixed Points of Binary Saturated Aqueous Solutions. J Res Natl Bur Stand. 
1977;81(1):89–96. 

55. Felz S, Al-Zuhairy S, Aarstad OA, van Loosdrecht MCM, Lin YM. Extraction of Structural 
Extracellular Polymeric Substances from Aerobic Granular Sludge. J Vis Exp. 2016;115. 

56. Namjesnik-Dejanovic K, Cabaniss SE. Reverse-Phase HPLC Method for Measuring Polarity 
Distributions of Natural Organic Matter. Environ Sci Technol. 2004;38:1108–14. 

57. Zhou Q, Cabaniss SE, Maurice PA. Considerations in the use of high-pressure size exclusion 
chromatography (HPSEC) for determining molecular weights of aquatic humic substances. Water 
Res. 2000;34(14):3505–14. 

58. Lerch RN, Barbarick KA, Azari P, Sommers LE, Westfall D. G. Sewage sludge proteins: I. 
Extraction methodology. J Environ Qual. 1993;22(3):620–4. 

59. Breil C, Vian MA, Zemb T, Kunz W, Chemat F. “Bligh and Dyer” and Folch Methods for Solid-
Liquid-Liquid Extraction of Lipids from Microorganisms. Comprehension of Solvation 
Mechanisms and towards Substitution with Alternative Solvents. Int J Mol Sci. 2017;18:708–30. 

60. Nelson DW, Sommers LE. Total Carbon, Organic Carbon, and Organic Matter. In: Methods of Soil 
Analysis: Part 3. 1996. p. 961–1010. (SSSA Book Series). 

61. Jones DL, Willett VB. Experimental evaluations of methods to quantify dissolved organic nitrogen 
(DON) and dissolved organic carbon (DOC) in soil. Soil Biol Biochem. 2006;38(5):991–9. 

62. Higgins CP, Field JA, Criddle CS, Luthy RG. Quantitative Determination of Perfluorochemicals in 
Sediments and Domestic Sludge. Environ Sci Technol. 2005;39(11):3946–56. 

63. Houtz EF, Sedlak DL. Oxidative Conversion as a Means of Detecting Precursors to Perfluoroalkyl 
Acids in Urban Runoff. Environ Sci Technol. 2012;46:9342–9. 

64. Kim Lazcano R, de Perre C, Mashtare ML, Lee LS. Per- and polyfluoroalkyl substances in 
commercially available biosolid-based products: The effect of treatment process. Water Environ 
Res. 2019; 

65. Anjum M, Al-Makishah NH, Barakat MA. Wastewater sludge stabilization using pre-treatment 
methods. Process Saf Environ Prot. 2016;102:615–32. 

66. Wick A, Marincas O, Moldovan Z, Ternes TA. Sorption of biocides, triazine and phenylurea 
herbicides, and UV-filters onto secondary sludge. Water Res. 2011;45(12):3638–52. 

Page 27 of 31 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



67. Vakondios N, Mazioti AA, Koukouraki EE, Diamadopoulos E. An analytical method for measuring 
specific endocrine disruptors in activated sludge (biosolids) using solid phase microextraction-gas 
chromatography. J Environ Chem Eng. 2016;4(2):1910–7. 

68. Clarke RM, Cummins E. Evaluation of “Classic” and Emerging Contaminants Resulting from the 
Application of Biosolids to Agricultural Lands: A Review. Hum Ecol Risk Assess Int J. 
2015;21(2):492–513. 

69. Gray JL, Borch T, Furlong ET, Davis JG, Yager TJ, Yang YY, et al. Rainfall-runoff of 
anthropogenic waste indicators from agricultural fields applied with municipal biosolids. Sci Total 
Environ. 2017;580:83–9. 

70. Urbaniak M, Gagala I, Szewczyk M, Bednarek A. Leaching of PCBs and Nutrients from Soil 
Fertilized with Municipal Sewage Sludge. Bull Environ Contam Toxicol. 2016;97:249–54. 

71. Awasthi MK, Wang Q, Chen H, Awasthi SK, Wang M, Ren X, et al. Beneficial effect of mixture of 
additives amendment on enzymatic activities, organic matter degradation and humification during 
biosolids co-composting. Bioresour Technol. 2018;247:138–46. 

72. Sepulvado JG, Blaine AC, Hundal LS, Higgins CP. Occurrence and Fate of Perfluorochemicals in 
Soil Following the Land Application of Municipal Biosolids. Environ Sci Technol. 
2011;45(19):8106–12. 

73. Bräunig J, Baduel C, Barnes CM, Mueller JF. Leaching and bioavailability of selected 
perfluoroalkyl acids (PFAAs) from soil contaminated by firefighting activities. Sci Total Environ. 
2019;646:471–9. 

74. Brusseau ML, Anderson RH, Guo B. PFAS concentrations in soils: Background levels versus 
contaminated sites. Sci Total Environ. 2020;740. 

75. Cousins IT, Dewitt JC, Glüge J, Goldenman G, Herzke D, Lohmann R, et al. The high persistence 
of PFAS is sufficient for their management as a chemical class. Environ Sci Process Impacts. 
2020;22:2307–12. 

76. Cook EK, Olivares CI, Antell EH, Yi S, Nickerson A, Choi YJ, et al. Biological and Chemical 
Transformation of the Six-Carbon Polyfluoroalkyl Substance N-Dimethyl Ammonio Propyl 
Perfluorohexane Sulfonamide (AmPr-FHxSA). Environ Sci Technol. 2022;56(22):15478–88. 

77. Huang S, Jaffé P. Defluorination of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate 
(PFOS) by Acidimicrobium sp. Strain A6. Environ Sci Technol. 2019;53(19):11410–9. 

78. Ruiz-Urigüen M, Shuai W, Huang S, Jaffé PR. Biodegradation of PFOA in microbial electrolysis 
cells by Acidimicrobiaceae sp. strain A6. Chemosphere. 2022;292:133506. 

79. Huang S, Sima M, Long Y, Messenger C, Jaffé PR. Anaerobic degradation of perfluorooctanoic 
acid (PFOA) in biosolids by Acidimicrobium sp. strain A6. J Hazard Mater. 2022;424(Part 
D):127699. 

80. Hutchinson S, Rieck T, Wu X. Advanced PFAS precursor digestion methods for biosolids. Environ 
Chem. 2020;17:558–67. 

Page 28 of 31Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



81. Lee H, Tevlin AG, Mabury SA, Mabury SA. Fate of Polyfluoroalkyl Phosphate Diesters and Their 
Metabolites in Biosolids-Applied Soil: Biodegradation and Plant Uptake in Greenhouse and Field 
Experiments. Environ Sci Technol. 2013;48(1):340–9. 

82. Fredriksson F, Eriksson U, Kärrman A, Yeung LWY. Per- and polyfluoroalkyl substances (PFAS) 
in sludge from wastewater treatment plants in Sweden - First findings of novel fluorinated 
copolymers in Europe including temporal analysis. Sci Total Environ. 2022;846:157406. 

83. Evich MG, Davis MJB, McCord JP, Acrey B, Awkerman JA, Knappe DRU, et al. Per- and 
polyfluoroalkyl substances in the environment. Science. 2022;376(6580):eabg9065. 

84. Kurwadkar S, Dane J, Kanel SR, Nadagouda MN, Cawdrey RW, Ambade B, et al. Per- and 
polyfluoroalkyl substances in water and wastewater: A critical review of their global occurrence and 
distribution. Sci Total Environ. 2022;809:151003. 

85. Gallen C, Eaglesham G, Drage D, Hue Nguyen T, Mueller JF. A mass estimate of perfluoroalkyl 
substance (PFAS) release from Australian wastewater treatment plants. Chemosphere. 
2018;208:975–83. 

86. Vo HNP, Ngo HH, Guo W, Nguyen TMH, Li J, Liang H, et al. Poly- and perfluoroalkyl substances 
in water and wastewater: A comprehensive review from sources to remediation. J Water Process 
Eng. 2020;36:101393. 

87. Lazcano RK, Choi YJ, Mashtare ML, Lee LS. Characterizing and Comparing Per- and 
Polyfluoroalkyl Substances in Commercially Available Biosolid and Organic Non-Biosolid-Based 
Products. Environ Sci Technol. 2020;54(14):8640–8. 

88. Liu J, Avendaño SM. Microbial degradation of polyfluoroalkyl chemicals in the environment: A 
review. Environ Int. 2013;61:98–114. 

89. Yi S, Harding-Marjanovic KC, Houtz EF, Antell E, Olivares CI, Nichiporuk RV, et al. 
Biotransformation of 6:2 Fluorotelomer Thioether Amido Sulfonate in Aqueous Film-Forming 
Foams under Nitrate-Reducing Conditions. Environ Sci Technol. 2022;56(15):10646–55. 

90. Yi S, Harding-Marjanovic KC, Houtz EF, Gao Y, Lawrence JE, Nichiporuk RV, et al. 
Biotransformation of AFFF Component 6:2 Fluorotelomer Thioether Amido Sulfonate Generates 
6:2 Fluorotelomer Thioether Carboxylate under Sulfate-Reducing Conditions. Environ Sci Technol 
Lett. 2018;5(5):283–8. 

91. Harding-Marjanovic KC, Houtz EF, Yi S, Field JA, Sedlak DL, Alvarez-Cohen L. Aerobic 
Biotransformation of Fluorotelomer Thioether Amido Sulfonate (Lodyne) in AFFF-Amended 
Microcosms. Environ Sci Technol. 2015;49(13):7666–74. 

92. Olivares CI, Yi S, Cook EK, Choi YJ, Montagnolli R, Byrne A, et al. Aerobic BTEX 
biodegradation increases yield of perfluoroalkyl carboxylic acids from biotransformation of a 
polyfluoroalkyl surfactant, 6:2 FtTAoS. Environmental Science Processes & Impacts; 2022. 

93. Nickerson A, Maizel AC, Olivares CI, Schaefer CE, Higgins CP. Simulating Impacts of 
Biosparging on Release and Transformation of Poly- and Perfluorinated Alkyl Substances from 
Aqueous Film-Forming Foam-Impacted Soil. Environ Sci Technol. 2021;55(23):15744–53. 

Page 29 of 31 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



94. Cirne D, Paloumet X, Björnsson L, Alves M, Mattiasson B. Anaerobic digestion of lipid-rich waste-
-Effects of lipid concentration. Renew Energy. 2007;32(6):965–75. 

95. Schwichtenberg T, Bodgan D, Carignan CC, Reardon P, Rewarts J, Wanzek T, et al. PFAS and 
Dissolved Organic Carbon Enrichment in Surface Water Foams on a Northern U.S. Freshwater 
Lake. Environ Sci Technol. 2020;55(22):14455–64. 

96. McKenzie ER, Siegrist RL, McCray JE, Higgins CP. The influence of a non-aqueous phase liquid 
(NAPL) and chemical oxidant application in perfluoroalkyl acid (PFAA) fate and transport. Water 
Res. 2016;92:199–207. 

97. Guelfo JL, Higgins CP. Subsurface Transport Potential of Perfluoroalkyl Acids and Aqueous Film-
Forming Foam (AFFF)-Impacted Sites. Environ Sci Technol. 2013;47:4164–71. 

98. Higgins CP, Luthy RG. Sorption of perfluorinated surfactants on sediments. Environ Sci Technol. 
2006;40(23):7251–6. 

99. Li Y, Oliver DP, Kookana RS. A critical analysis of published data to discern the role of soil and 
sediment properties in determining sorption of per and polyfluoroalkyl substances (PFASs). Sci 
Total Environ. 2018;628–629:110–20. 

100. Milinovic J, Lacorte S, Rigol A, Vidal M. Sorption of perfluoroalkyl substances in sewage sludge. 
Environ Sci Pollut Res. 2016;23:8339–48. 

101. Campos-Pereira H, Makselon J, Kleja DB, Prater I, Kögel-Knabner I, Ahrens L, et al. Binding of 
per- and polyfluoroalkyl substances (PFASs) by organic soil materials with different structural 
composition - Charge- and concentration-dependent sorption behavior. Chemosphere. 
2022;297:134167. 

102. McKenzie ER, Siegrist RL, McCray JE, Higgins CP. Effects of Chemical Oxidants on 
Perfluoroalkyl Acid Transport in One-Dimensional Porous Media Column. Environ Sci Technol. 
2015;(49):1681–9. 

103. Cai W, Navarro DA, Du J, Ying G, Yang B, McLaughlin MJ, et al. Increasing ionic strength and 
valency of cations enhance sorption through hydrophobic interactions of PFAS with soil surfaces. 
Sci Total Environ. 2022;817:152975. 

104. Evans KM, Gill RA, Robotham PWJ. The PAH and Organic Content of Sediment Particle Size 
Fractions. Water Air Soil Pollut. 1990;51:13–31. 

105. Le ST, Kibbey TCG, Weber KP, Glamore WC, O’Carroll DM. A group-contribution model for 
predicting the physicochemical behavior of PFAS components for understanding environmental 
fate. Sci Total Environ. 2021;764:142882. 

106. Sörengård M, Östblom E, Köhler S, Ahrens L. Adsorption behavior of per- and polyfluoroalkyl 
substances (PFASs) to 44 inorganic and organic sorbents and use of dyes as proxies for PFAS 
sorption. J Environ Chem Eng. 2020;8(3). 

107. Guelfo JL, Wunsch A, McCray J, Stults JF. Subsurface transport potential of perfluoroalkyl acids 
(PFAAs): Column experiments and modeling. J Contam Hydrol. 2020;233:103661. 

Page 30 of 31Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



108. Brusseau ML. Simulating PFAS transport influenced by rate-limited multi-process retention. Water 
Res. 2020;168:115179. 

109. Brusseau ML, Yan N, Van Glubt S, Wang Y, Chen W, Lyu Y, et al. Comprehensive retention 
model for PFAS transport in subsurface systems. Water Res. 2019;148:41–50. 

Page 31 of 31 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


