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• Two biosolids-amended soils were 
studied in saturated flow-through 
columns.

• Up to 98 % of total PFAS remained in 
post-leaching soils.

• PFAS release from soil was rate-limited 
in saturated flow.

• Modeling showed <1 ng/L PFAS in 
groundwater after 40 years.

• Biosolids management should focus on 
shallow soils and runoff control.
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A B S T R A C T

Per- and polyfluoroalkyl substance (PFAS) do not mineralize in conventional wastewater treatment processes and 
accumulate in effluents and biosolids. Land-application of biosolids improves soil health; however, PFAS may 
leach from applied biosolids posing a threat to underlying groundwater systems. In general, transport mecha
nisms controlling PFAS leaching from biosolids are not fully understood. In this study, two municipal biosolids 
were mixed with soil at agricultural loading rates and packed in saturated flow-through columns. Biosolids, 
biosolids-amended soils (pre- and post-leaching) and column eluants were analyzed via targeted analysis, total 
oxidizable precursor assay (TOP), and suspect screening. Saturated column results were modeled using HYDRUS 
1-D to obtain transport parameters. Resulting parameters were used to simulate long-term leaching of two PFAS 
under field-relevant conditions. Mass balances in column systems show that the majority of precursors (>65 %) 
in biosolid-amended soils remained sorbed after flow-through experiments. TOP assay results for column eluants 
suggested that the small fraction of unknown precursors mobilized in column experiments were short-chain 
precursors (≤C7). Transport modeling in HYDRUS 1-D demonstrated that PFAS desorption from biosolid- 
amended soils was rate-limited under saturated conditions. Long-term modeling of perfluorooctanoic acid and 
perfluorooctane sulfonate transport using conditions representative of the upper midwestern United States found 
aqueous concentrations of 107 and <1 ng/L, respectively, reaching the saturated zone after 40 yrs of annual 
biosolids applications. This suggests that at some land application sites, best management practices focused on 
PFAS in municipal biosolids should include multi-pathway exposure analysis, considering the soil to 
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groundwater pathway for more mobile PFAS and shallow soils and porewater, along with processes such as plant 
uptake, runoff, and tile drainage for less mobile PFAS.

1. Introduction

Biosolids are nutrient-rich residuals from wastewater treatment 
plants (WWTPs), that undergo physical and chemical treatments prior to 
reuse (e.g. agricultural land application) or disposal (e.g. landfill, 
incineration) (Beecher et al., 2022). United States (US) federal biosolids 
regulations include limits on ten metals, but a recent study identified 
>90 additional, unregulated compounds in biosolids (e.g., flame re
tardants, pharmaceuticals) (Kumar et al., 2022; Newmeyer et al., 2024). 
In 2022, 3.76 million dry metric tons of biosolids were managed in the 
US, of which 56 % were land applied and 27 % were landfilled (USEPA, 
2025a). Land application in agricultural settings improves both nutrient 
(N, P) and micronutrient (e.g. B, Cl, Fe, Mn, Mo and Zn) content of soils 
(Lu et al., 2012; USEPA, 2025a). However, there are increasing concerns 
regarding unregulated contaminants in land-applied biosolids including 
per- and polyfluoroalkyl substances (PFAS) (Hall et al., 2021; Izuegbu
nam, 2025; Kim Lazcano et al., 2019; MPCA, 2025; Pepper et al., 2023; 
Popoola et al., 2023; Sepulvado et al., 2011; Tansel et al., 2024; USEPA, 
2025b).

PFAS are persistent organic pollutants that do not mineralize during 
conventional wastewater treatment, accumulate in wastewater treat
ment residuals (e.g., biosolids), and may undergo transformation from 
precursor to terminal PFAS after release in the environment. Classes of 
PFAS identified in US biosolids include perfluoroalkyl carboxylic acids 
(PFCAs; 22–177 ng/g), perfluoroalkyl sulfonic acids (PFSAs; 21–412 ng/ 
g), methyl- and ethyl- sulfonamide acetic acids (MeFASAAs; 5–154 ng/g, 
EtFASAAs; 10–582 ng/g), n:2 fluorotelomer sulfonates (FTSs; 1–30 ng/ 
g), n:3 fluorotelomer carboxylic acids (FTCAs; 64–89 ng/g) and disub
stituted polyfluoroalkyl phosphates (diPAPs; 8–142 ng/g) (Higgins 
et al., 2005; Lee et al., 2014; Link et al., 2024; Munoz et al., 2022; 
Schaefer et al., 2023; Thoma et al., 2022; Thompson et al., 2023; Ven
katesan and Halden, 2013). MeFASAAs, EtFASAAs, n:2 FTSs, n:3 FTCAs, 
and diPAPs are perfluoroalkyl acid (PFAA) precursors that can transform 
into terminal PFCAs and PFSAs in the environment (Hamid et al., 2020; 
LaFond et al., 2023; Weidemann et al., 2022; Weidemann and Gass
mann, 2023; Wu et al., 2024).

PFAS and other micropollutants in biosolids pose concerns for the 
practice of biosolids land application, which otherwise is an important 
beneficial use of wastewater residuals. As a result, regulatory agencies in 
the US and internationally are restricting or banning land application of 
biosolids in favor of other methods of disposal (e.g., landfills, incinera
tion) due to concerns about PFAS (Colorado Department of Public 
Health and Environment, 2024; Department of Environment, Great 
Lakes, and Energy, 2024; Hall et al., 2021; Maine Department of Agri
culture, Conservation and Forestry, 2022; Maryland department of 
environment, 2024; Missouri Department of Natural Resources, 2023; 
MPCA, 2025a; New Hampshire Department of Environmental services, 
2022; Saliu and Sauvé, 2024; State of Maine, 2022; USEPA, 2025c). 
However, alternatives such as landfill disposal and incineration are also 
concerning. Landfill disposal of biosolids uses sometimes scarce landfill 
capacity with organic material and will be a source of PFAS in leachate, 
and fate of PFAS during incineration is still poorly understood (Garg 
et al., 2023; Helmer et al., 2022; Liu et al., 2022; Tolaymat et al., 2023). 
Studies are needed to better elucidate fate and transport of PFAS in 
land-applied biosolids, support biosolids risk assessments, and support 
assessments of the feasibility of continued beneficial reuse of biosolids 
through land application.

Following land application of biosolids to agricultural soils, PFAS 
may undergo multiple transport processes including leaching through 
the vadose zone into the saturated zone (Johnson, 2022; Pepper et al., 
2021; Peter and Lee, 2025; Röhler et al., 2021). Numerous prior studies 

have investigated PFAS leaching in batch, column, and modeling studies 
(Bierbaum et al., 2023b; Guelfo et al., 2020; Holly et al., 2024; Johnson, 
2022; Openiyi et al., 2025; Pepper et al., 2021; Schaefer et al., 2022a; 
Silva et al., 2019; Stults et al., 2024). PFAS sorption is impacted by 
multiple soil (e.g. organic carbon content, pH) and PFAS properties (e.g. 
carbon chain-length, functional groups) (Barzen-Hanson et al., 2017; 
Campos-Pereira et al., 2023; Guelfo and Higgins, 2013; Li et al., 2018; 
Nguyen et al., 2020; Nickerson et al., 2023). For example, sorption in
creases with increasing organic carbon content and chain length (i.e., 
hydrophobicity), and decreases with increasing pH for anionic PFAS as a 
result of electrostatic repulsion (Gagliano et al., 2020; Nguyen et al., 
2020; Zhang and Yazaydin, 2024). Further, studies have found 
sorption-desorption of PFAS is sometimes rate-limited, which can lead to 
plume tailing during long-term leaching scenarios (Arshadi et al., 2024; 
Brusseau, 2020; Brusseau et al., 2019; Guelfo et al., 2020; Guo et al., 
2022, 2020; Nguyen et al., 2022; Stults et al., 2024; Zeng et al., 2021; 
Zeng and Guo, 2021; Zhao et al., 2014). Similarly, air-water interfacial 
partitioning can increase PFAS retention in soils (Brusseau, 2020; 
Brusseau et al., 2019; Guelfo et al., 2020; Schaefer et al., 2019; Silva 
et al., 2021, 2019; Stults et al., 2024). Despite growing knowledge of 
PFAS leaching, relatively few studies have focused on PFAS leaching in 
biosolids land application scenarios, as further described below.

Prior PFAS fate and transport studies focused on biosolids-amended 
soils have focused primarily on field-collected, biosolids-amended soils 
(Bierbaum et al., 2023a; Holly et al., 2024; Röhler et al., 2021). In some 
cases these field soils received multiple biosolids applications and were 
exposed to environmental conditions prior to experimental evaluation 
(Bierbaum et al., 2023a; Röhler et al., 2021). Another study used 
PFAS-spiked biosolids at concentrations above normal occurrence 
(Holly et al., 2024). Studies are lacking that use column experiments to 
evaluate PFAS leaching and rate-limited desorption immediately 
following a single application of municipal biosolids containing repre
sentative PFAS concentrations to an agricultural soil. Such studies are 
critical for establishing baseline transport parameters from which 
long-term models of PFAS fate at land application sites can be 
developed.

Additionally, although other studies have recognized the potential 
impacts of PFAA precursor leaching from biosolids-amended soils 
(Bierbaum et al., 2023b; Holly et al., 2024; Openiyi et al., 2025; Pepper 
et al., 2021; Röhler et al., 2021; Schaefer et al., 2022a; Sepulvado et al., 
2011), few have quantified it (Bierbaum et al., 2023a; Schaefer et al., 
2021). Of these, one column study quantified total fluorine at limited 
time points, while the second study quantified unknown PFAS leaching 
from weathered field soils and not immediately following application 
(Bierbaum et al., 2023b). Although studies investigating precursor fate 
in biosolids have found that transformation of many precursors occurs 
rapidly (~1 yr) following biosolids application (Lee et al., 2014; Liu and 
Liu, 2016; Schaefer et al., 2022a), an improved understanding of parent 
precursor mobility prior to transformation is important for under
standing overall PFAS fate immediately following land application.

This study addressed key knowledge gaps regarding PFAS leaching 
and mobility at biosolids land application sites through three objectives. 
First, we used column studies to evaluate leaching of PFAS (including 
precursors) from two biosolids-amended soils immediately following a 
single biosolids application. Second, numerical modeling was coupled 
with column data to estimate PFAS transport parameters relevant to 
biosolids-amended soils. Lastly, transport parameters obtained during 
Objective 2 and representative of a single biosolids application were 
used to evaluate leaching long-term leaching of PFAS from biosolids- 
amended soils under field-relevant conditions.
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2. Materials and methods

2.1. Materials and reagents

Two municipal Biosolids (labeled C and E) were obtained from 
anonymized locations within the state of Minnesota. Both biosolids are 
from a suite (A-H) collected for a larger research effort, so we are using 
designations of Biosolids C and E in order to maintain continuity with 
other studies that may be published using these biosolids. Biosolids were 
amended into a background agricultural soil sampled from a site in 
Rosemount Minnesota. Properties of the biosolids and background 
agricultural soils can be found in the Supporting Information (Table S1- 
S2). Remaining materials are in the Supporting Information (Section 
S1, Table S3).

2.2. Column experiments

Columns experiments were conducted using the background agri
cultural soil amended with either Biosolid C or E at agronomic rates 
based on biosolid nitrogen content (Table S4). Background soils, bio
solids, and biosolids-amended soils were characterized for PFAS and 
fraction of organic carbon (foc) prior to column experiments as described 
below. Each amended soil was air-dried in a fume hood for 2 days and 
packed in 1 cm increments into duplicate 2.5 × 15 cm glass chroma
tography columns (Kimble Chase, Vineland, NJ). Clean sand (1 cm) and 
glass wool were used for bed support and flow distribution of the 
influent end of the column. Stainless steel mesh, a 1 cm increment of 
clean sand, and a 2 cm increment of 5 mm glass beads were used as bed 
support in the effluent end cap. Details of column operation and sam
pling intervals are provided in the Supporting Information (Section S2, 
Table S5).

2.3. Sample preparation

Aqueous samples were prepared in autosampler vials containing 50 
% aqueous sample and 50 % LC-MS grade methanol containing 200 ng/L 
(targeted analysis) or 667 ng/L (suspect screening) mass-labelled in
ternal standard (IS) mixture (Table S3) and analyzed directly via high 
pressure liquid chromatography quadrupole time of flight-mass spec
trometer (HPLC-QTOF-MS). Soils and biosolids were extracted using 
previously published methodology (Guelfo and Higgins, 2013; Shojaei 
et al., 2022b; Yang et al., 2023) based on basic methanol extraction 
(Section S3.1). Similarly, the TOP assay (Section S3.2) was performed 
on a subset of aqueous samples and solid extracts prior to targeted 
analysis to evaluate occurrence of PFAS in samples beyond those that are 
captured in routine targeted analysis (Houtz et al., 2013; Houtz and 
Sedlak, 2012; Shojaei et al., 2022b). After oxidation, samples were 
prepared with 50 % LC-MS grade methanol with 200 ng/L of IS for 
analysis as described below.

2.4. Analysis

PFAS analysis (targeted and suspect screening) was performed using 
a HPLC-QTOF-MS (X500R, SCIEX, Framingham, MA, USA). Samples 
were injected (500 μL) onto a C18 analytical column (Gemini®, 3 μM, 
100×3 mm ID, Phenomenex, CA, USA) coupled with a guard column 
(Gemini®, C18 4 × 2.0 mm ID, Phenomenex, CA, USA) and eluted in 2 
mM ammonium acetate solution in ultrapure water and 100 % LC-MS 
grade methanol. For targeted analysis, multiple reaction monitoring 
high resolution (MRMHR) acquisition mode was used for sample data 
acquisition. Two transitions (quantifier and qualifier) were monitored 
for each compound where possible (Section S3.3, Table S6). Target 
PFAS and their acronyms are in Table S3. Suspect screening data was 
acquired using a data-independent acquisition mode. Additional infor
mation regarding chromatographic and mass spectrometer conditions 
and target and suspect screening data acquisition are available in the 

supporting information (Section S3.3).
Sciex OS (V2.2) was used for data acquisition and processing for both 

targeted analysis and suspect screening. Target analytes were quantified 
using isotope dilution over a calibration range of 1–5000 ng/L 
(R2>0.99). Suspect screening data was screened using a extracted ion 
chromatogram (XIC) library containing molecular formulas for 1400+
PFAS (Place, 2021). Of the PFAS in the library, ~320 compounds had 
MS/MS spectra, which were used in library matching. As in prior work, 
confidence levels were assigned to PFAS identification using criteria for 
retention time, isotope radio difference, match to library MS/MS 
spectra, and Kendrick mass defect (KMD) (Schymanski et al., 2014). 
Additional information on data processing is provided in the supporting 
information (Section S3.4). Soil and biosolid foc was determined using a 
total organic carbon analyzer (Elementar, vario TOC select). Further 
details of the method for foc analysis are described in supporting infor
mation (Section S3.5).

2.5. Targeted analysis quality assurance/quality control (QA/QC)

Soil and biosolid extracts for targeted analysis were prepared and 
analyzed in triplicates. Concentrations are reported as the average of 
triplicate analysis. Quality control samples included method blanks, 
solvent blanks, instrument sensitivity checks, and calibration verifica
tion. IS recoveries were used to calculate matrix effects and target an
alyte losses during extraction. The vial composition of all quality control 
samples was the same as unknown samples (50/50 water/methanol v/v) 
Additional information on QA/QC for targeted analysis can be found in 
the supporting information (Section S3.6).

2.6. Suspect screening QA/QC

Quality control measures for initial peak selection and subsequent 
identification using suspect screening analysis followed methods similar 
to previous studies (LaFond et al., 2024; Schaefer et al., 2023; Shojaei 
et al., 2022a,2021). Each analytical batch included at least two solvent 
blanks (50 % ultrapure water and 50 % methanol). Peaks were only 
considered for identification if they were present in a minimum of 2 
replicates and the response was 10 times higher than the response of the 
instrument blanks.

2.7. Numerical modeling

HYDRUS 1-D was used to model the column data and obtain rate- 
limited desorption parameters. Specifically, a 2-site sorption model 
was selected that assumes a fraction of sorption sites are represented by 
equilibrium PFAS desorption while another fraction undergoes rate- 
limited (i.e., non-equilibrium) desorption (Section S4, Eq. S9–S11). 
Sorption distribution coefficients (Kd) were estimated for each PFAS in 
each soil (Tables S7) based on previously reported organic-carbon- 
water coefficients (Koc) (Campos Pereira et al., 2018; Guelfo et al., 
2020) and the foc of each biosolid-amended soil. Hydrodynamic prop
erties were determined as described above (Table S5). Model inversion 
was used to determine the fraction of sites at equilibrium (f) and 
rate-limited coefficients (α; h− 1). A more detailed description of column 
modeling methods is in the supporting information (Section S4).

2.8. Field-relevant models

Transport simulations of perfluorooctanoic acid (PFOA) and per
fluorooctane sulfonate (PFOS) from land-applied biosolids under more 
field-relevant conditions were set up using HYDRUS 1-D, transport pa
rameters (f, α) obtained from column studies, and variably saturated 
flow conditions. PFOA and PFOS were selected among studied PFAS 
based on recent regulatory focus (e.g., maximum contaminant levels, 
MCLs) (USEPA, 2022) and consideration of these PFAS in the recently 
published United States Environmental Protection Agency (USEPA) 
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Draft Sewage Sludge Risk Assessment (USEPA, 2025b). Two scenarios 
were considered. The first scenario considered a single biosolid appli
cation and subsequent PFOA and PFOS leaching over 40 yrs. The second 
scenario considered PFOA and PFOS transport at a site where biosolids 
were applied annually for 40 yrs. HYDRUS was used for preliminary 
simulations to evaluate whether inclusion of air-water interfacial par
titioning was critical for understanding porewater concentrations 
reaching the saturated zone under the conditions modeled. Site char
acteristics were based on agricultural and soil properties of Renville 
County, Minnesota (MN), which was selected because in 2023, this 
county had the biggest production of corn in the state of MN (USDA, 
2023). So, these characteristics were considered agriculturally repre
sentative for the region where the biosolids were collected. Although all 
biosolids and agricultural soils used were from MN, it is important to 
underscore that the location of biosolids collection and sites where 
Biosolids C and E have been land applied (if any) are unknown. Agri
cultural vadose zone properties (e.g. soil type, bulk density, depth to 
groundwater), evapotranspiration, and precipitation for this area were 
obtained from both USGS and soil survey dataset soil survey dataset 
(Table S8, Figure S1) (Minnesota State Climatology Office, 2025; Soil 
Survey Staff et al., 2024; USGS, 2025). Additional details of the 
long-term modeling approach (including Kd, hydraulic conditions, and 
air-water interfacial parameters) are provided in the Supporting Infor
mation (Section S5, Table S9).

3. Results

3.1. PFAS in biosolids C and E

The total PFAS composition of Biosolids C and E was established 
using targeted analysis and the TOP assay. Across both biosolids, 24 
PFAS were identified (Figures S2A-S2B; Table S10) including C2-C12 
PFCAs (2.05×10− 3 - 9.43×10− 2 nmol/g), C4-C6, C8, and C10 PFSAs 
(6.19×10− 3 - 0.278 nmol/g), C4 and C8 perfluoroalkyl sulfonamides 
(FASAs, 8.46×10− 3 - 2.96×10− 2 nmol/g), 6:2 and 8:2 FTSs (7.77×10− 4 

- 2.36×10− 3 nmol/g), 5:3 and 7:3 FTCAs (4.16×10− 3 - 2.99×10− 2 

nmol/g), and Et- and Me-FASAAs (7.77×10− 4 - 3.84×10− 2 nmol/g). 
Importantly, bis-perfluoromethyl sulfonimide (bis-FMeSI) was detected 
in both biosolids (6.73×10− 4 - 6.63×10− 3 nmol/g). This compound is 
receiving increasing attention for use in lithium ion batteries and in
ternational occurrence in water, soil, and sediment (Guelfo et al., 2024). 
To our knowledge, this is the first published detection in biosolids.

TOP analysis showed that unknown oxidizable precursors (i.e., PFAS 
not captured during routine, targeted analysis) accounted for 14 and 21 
% of total PFAS found in Biosolids C and E (8.01×10− 1 ± 1.73×10− 2 

and 4.72×10− 1 ± 1.25×10− 2 nmol/g), respectively (Table S11, 
Figure S3A and S3B). The primary products of the TOP assay were 
perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), and 
perfluoroheptanoic acid (PFHpA) (Figure S3C and S3D). This suggests 
the unknown precursor fraction is comprised of PFAS that have 1 or 2 
alkyl tails (e.g., diPAPs) with 7 fluoroalkyl carbons or less (Houtz and 
Sedlak, 2012). Notably, a single diPAP, which studies have shown to be 
prevalent in some biosolids (Kim Lazcano et al., 2019; Lee et al., 2014; 
Munoz et al., 2022; Schaefer et al., 2023), generates two PFCAs during 
oxidation. Target PFAS in both biosolids were within the range reported 
in prior studies (Section S6, Figure S4). For example, 

∑
PFCAs and 

∑
PFSAs ranges in the US reported in the literature range between 

4.98×10− 2–4.65×10− 1 (Schaefer et al., 2023; Thoma et al., 2022) and 
3.50×10− 2–9.18×10− 1 nmol/g (Thompson et al., 2023; Venkatesan and 
Halden, 2013), respectively. Meanwhile, 

∑
PFCAs and 

∑
PFSAs con

centrations from municipal biosolids from this study ranged 
1.39×10− 1–2.73×10− 1 and 1.29×10− 1–3.25×10− 1 nmol/g. This dem
onstrates applicability of 

∑
PFAS of biosolids used in this study to other 

regions and demonstrates the broader applicability of biosolids fate and 
transport studies presented here.

3.2. PFAS in biosolids-amended soils

Concentrations of PFAS in background agricultural soil and soils 
amended with Biosolids C and E were evaluated using targeted analysis, 
TOP assay, and suspect screening. Although PFCAs (C3–C5, C7, C9) and 
PFSAs (C8) were detected in agricultural soils, concentrations were 
below quantitation limits and detected in blanks (Flags J and B, 
Table S10) so biosolids were the primary source of PFAS in amended 
soils. Some PFAS detected in biosolids were not detected in amended 
soils (e.g., FBSA, FOSA, 6:2 FTS, 8:2 FTS, 5:3 FTCA, and 7:3 FTCA; 
Figures S5A and S5B) because levels were below the limit of detection 
after dilution of biosolids in amended soils. Except as noted, PFAS were 
detected in amended soils at levels lower than concentrations in the 
source biosolids (Figures S6A and S6B), as expected based on addition 
into unimpacted background soils. TOP assay results demonstrated that 
unknown precursors accounted for 21 and 17 % of total PFAS in soils 
amended with Biosolid C and E, respectively (Fig. 1A; Figure S7A). 
Although application rates will vary based on nutrient levels (USEPA, 
1994), concentrations observed here in amended soils provide insights 
into PFAS levels, including concentrations of unknown, oxidizable pre
cursors, that can be anticipated following a single biosolids application 
into unimpacted soils. These concentrations are compared to prior as
sessments of biosolids amended soils in the Supporting Information 
(Section S6.2).

3.3. Suspect PFAS occurrence

Suspect screening was performed on biosolids and biosolid-amended 
soils to elucidate the composition of the unknown PFAS concentration 
measured by TOP assay. Based on peak-screening criteria (Section 
S3.4), 7 suspect PFAS were annotated in Biosolid C and Biosolid C- 
amended soil and 5 were annotated in Biosolid E and Biosolid E- 
amended soil (Table S12-S13). 6:2 diPAP, 8:2 diPAP, 8:2/6:2 diPAP, 6:6 
perfluorophosphinic acid (PFPiA), and perfluoroethanoic acid (PFEtA) 
were detected in both biosolids and/or their amended soils. 6:8 PFPiA 
and oxa-perfluorohexanane sulfonate (O-PFHxS) were detected only in 
Biosolid C or E, respectively. In Biosolid E, more suspect PFAS were 
detected in biosolids vs. amended soils, which is consistent with lower 
concentrations following addition of biosolids into unimpacted soils. 
Conversely, Biosolid C-amended soil had detection of suspect PFAS not 
originally detected in the biosolid (e.g. 8:2-, and 6:2/8:2 diPAP, PFeTA, 
6:6 PFPiA), which may be attributable to a matrix effect (i.e., signal 
suppression) in Biosolid C extracts or instrumental variability. TOP 
assay data did not suggest significant presence of unknown precursors in 
the background agricultural soil, so these PFAS were introduced through 
the source biosolids. Uses and prior occurrence of these PFAS is dis
cussed in the Supporting Information (Section S6.4), and occurrence of 
suspect PFAS in post leaching soils is further discussed below (Column 
mass balances, Section S6.5).

3.4. Column mass balances

Column mass balances were calculated by comparing pre-leaching 
PFAS masses in biosolids-amended soil to the sum of PFAS recovered 
in column eluates and post-leaching biosolids-amended soils (Figs. 1A, 
S7A and Tables S14, S15). Compared to pre-leaching soil, total PFAS 
recovery in column eluates plus post-leaching soils amended with 
Biosolid C was 111 % (Fig. 1A, Table S14). This included recoveries of 
98 % for PFCAs, 72 % for unknown precursors, and 133 % for PFSAs. 
Similarly, recovery of total PFAS in Biosolid E-amended soil was 99.6 % 
(Figure S7A, Table S15) including recovery of 119 %, 88 %, and 62 % 
for PFCAs, unknown precursors, and PFSAs, respectively. Pre-leaching 
PFSA concentrations exhibited a high standard deviation (Table S15), 
which likely explains the apparent under recovery in Biosolid E column 
mass balances. Within individual PFAS, there were some mass balance 
over recoveries (Section S6.7), but overall, column mass balances were 
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excellent and validated column experimental methods and results.
PFAS mass recovered in column eluates vs. post elution soils provides 

qualitative insights into PFAS fate in biosolids-amended soils (Fig. 1B, 
Tables S14-S15). In both biosolids-amended soils, the majority of total 
PFAS (98 % in Biosolid C-amended soil and 81 % in Biosolid E-amended 
soil) remained in post-leaching soils. This included 86 % (Biosolid E- 
amended soil) to 92 % (Biosolid C-amended soil) of total PFCAs, 71 % 
(Biosolid E-amended soil) to 85 % (Biosolid C-amended soil) of total 
PFSAs, and 59 % (Biosolid E-amended soil) to 71 % (Biosolid C-amended 
soil) of total unknown precursors (Figs. 1B and S7B, Tables S14-S15). 
Although the majority of PFCAs were retained in both biosolids- 
amended soils, they were still the most mobile fraction of PFAS 
comprising 44 % (Biosolid C-amended soil) to 86 % (Biosolid E-amended 
soil) of the total PFAS mass eluted. PFSAs were the least mobile fraction 
in each amended soil. Only 16 % leached from soils amended with both 
Biosolid C and E. This is consistent with higher overall mobility of PFCAs 
relative to other homologous series of PFAS (e.g., PFSAs) noted in prior 
studies (Fabregat-Palau et al., 2021; Guelfo and Higgins, 2013; Hunter 
Anderson et al., 2019; Shojaei et al., 2021).

Precursor mass balances were calculated ate the sum of target pre
cursors, unknown precursors by TOP assay in eluates, and unknown by 
TOP assay in post-leaching soils, and they demonstrated that 83 % 
(Biosolid C-amended soil) and 69 % (Biosolid E-amended soil) were 
retained in post-leaching soils. Importantly, of these fractions, 43 % and 
50 % of retained precursors were unknown precursors in soils amended 
with Biosolids C and E, respectively. Following the TOP assay, PFBA was 
the dominant product (>90 % of oxidizable precursors) generated by 
TOP assay in eluants from both biosolids-amended soils (Figs. 1C and 
S7C). In contrast, increases in C5-C11 carboxylates were observed post- 
leaching soil, implying oxidation of precursors with higher chain length. 
These patterns are consistent with higher mobility of short-chain pre
cursors and retention of longer-chain precursors during leaching of PFAS 
from biosolids-amended (Tsou et al., 2023). Suspect screening analysis 
of post-leaching soils yielded varied results, which is further discussed in 
the Supporting Information (Section S6.5). Regardless, TOP assay and 
limited suspect screening results highlight high retention of 
biosolids-relevant precursors, although as noted transformation prod
ucts may be more mobile.

3.5. PFAS column breakthrough curves (BTCs) and modeling

Consistent with prior studies of PFAS transport, eluant breakthrough 
curves exhibited chain-length dependent transport in soils amended 

with Biosolids C and E (Fig. 2, Tables S16 and S17) (Gellrich et al., 
2012; Guelfo et al., 2020; Sepulvado et al., 2011; Stahl et al., 2013; 
Vierke et al., 2014; Weidemann et al., 2022). Specifically, lower sorbing, 
short-chain PFAS (e.g., PFBA) eluted earlier than stronger sorbing, 
long-chain PFAS (e.g., PFOA; Fig. 2). Similarly, PFCAs exhibited earlier 
breakthrough than PFSAs of the same chain length (Figure S8A). As 
mentioned, bis-FMeSI was detected in Biosolids C and E. Bis-FMeSI 
breakthrough curves and modeling demonstrated that this compound 
has similar mobility as PFBS (Figure S8B). This is notable because prior 
work suggested that bis-FMeSI has characteristics similar to PFBS, which 
has been designated as very persistent and very mobile (vPvM) in the 
European Union (Guelfo et al., 2024). However, this is the first study to 
confirm bis-FMeSI transport properties in laboratory studies.

As noted above (see Column Mass Balances), TOP assay results for 
column eluants confirmed mobilization of unknown precursors in col
umn leachate (Figure S9). Unknown precursor elution fluctuated over 
time, which may result from elution of different-sized precursors 
(Figure S9). As noted, studies have found that precursors may undergo 
rapid transformation (~1 yr) following land application, and our results 
demonstrate that a large fraction of this mass will be retained in 
biosolids-amended soils. However, these results confirm that, as 
observed in prior work (e.g., Schaefer et al., 2022a), some mobilization 
of precursors can occur prior to transformation.

HYDRUS 1-D was used to fit measured column data and determine 
rate-limited transport parameters (f, α) that describe PFAS breakthrough 
in soils amended with Biosolids C and E (Figs. 3 and S10, Table S18). 
Based on preliminary modeling, fitted models used values of Kd calcu
lated from literature-determined Koc values and the foc of the biosolids- 
amended soils (2.8 % and 2.6 % for soils amended with Biosolids C and 
E, respectively) and not the foc of the biosolids in which the PFAS 
originated (Figure S11). Model performance was evaluated based on R2 

values calculated by HYDRUS 1-D (Table S19-S20). Values of R2 were ≥
0.80 for all PFAS except PFNA (0.08) and FOSA (0.19) in soils amended 
with Biosolid C and PFNA (0.06), PFOS (0.67), and FOSA (0.23) in soils 
amended with Biosolid E. Poorer fits for PFNA and FOSA in both 
amended soils are likely attributable to analytical variability since 
measured concentrations were near the LOQ (1–10 ng/L) 
(Figures S10G-H and M-N, Tables S16-S17). Concentrations near the 
LOQ are related to both the initial concentrations in biosolids-amended 
soil and to factors controlling desorption, which are further discussed 
below.

Similar to prior work with PFAS-impacted soils, column elution of 
PFAS from biosolids-amended soils was best described using rate-limited 

Fig. 1. Mass balance results for columns with Biosolid C-amended soil. Total PFAS mass in soil amended with Biosolid C (i.e., pre-leaching soil) and total PFAS mass 
recovered in eluates plus post-leaching soils (A). Total PFAS recovered in column eluates and post leaching soils (B). Total molar increases in PFCAs in eluates and 
post-leaching soils (C).
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desorption models (Bierbaum et al., 2023a; Guelfo et al., 2020; Stults 
et al., 2025, 2024). Two transport parameters describing rate-limited 
desorption (f, α) were obtained from model fits for most PFAS. A third 
parameter (Kd) was obtained for a limited number of PFAS where 
literature Koc results in biosolids-amended soils were limited or not 
available for calculating Kd (bis-FMeSI, FBSA, FOSA) (Table S18). To 
our knowledge these are the first reported rate-limited parameters for 
PFBA, FBSA, FOSA, and bis-FMeSI (Table S18). For remaining PFAS 
modeled, f values obtained from model fits were within those previously 
reported in the literature, with the exception of PFHxA (Table S18) 
(Bierbaum et al., 2023a; Guelfo et al., 2020; Schaefer et al., 2022b,2021; 
Stults et al., 2024). Values for PFHxA (0.20–0.35) were slightly lower 
than previously reported (0.53–0.83). Regardless, results here and in the 
literature highlight variability in this parameter across studies. For 
example, values reported from PFOS vary from essentially zero (as 
observed here) to 0.93 (Bierbaum et al., 2023a). In prior studies, vari
ations of f for a single compound were attributed to differences in 
organic matter content (Brusseau et al., 2019; Schaefer et al., 2022b). 
Similarly, previous studies discussed the relationship between sorbate 
hydrophobicity and rate-limitations, where a higher degree of hydro
phobicity leads to higher level of rate-limitation (Bierbaum et al., 2023a; 
Guelfo et al., 2020; Schaefer et al., 2021).

Based on trends in hydrophobicity with f, we might anticipate a 
decrease in f with increasing compound chain length within homologous 
series. There were no clear trends in f with chain length in soils amended 
with either biosolid (Table S18); however, there is still evidence for the 
influence of hydrophobicity. Overall, the lowest values of f were 
observed for PFOS, which was one of the most hydrophobic PFAS 
measured in column eluants. Key exceptions in values of f were observed 
for PFBA (f of 0.007 and 0.04 in soils amended with Biosolids C and E, 
respectively). This may be attributable to multiple factors. First, values 
of Kd used here were calculated based on Koc values from the literature. 
If these values are different from the “real” Kd values that describe 

desorption of PFAS from study soils, this would influence fitted values of 
f. Second, trends in f may be convoluted by the number and/or type of 
sorption sites available to each PFAS. For example, if PFBA can access an 
increased fraction of smaller pore space in soils, then it may have more 
overall sites available for sorption and a high fraction that are described 
by rate-limited desorption based on mass transfer limitations from 
smaller, deeper pore sizes. These results demonstrate that while there is 
an increased conceptual understanding of factors that impact f, more 
studies are needed to develop predictive tools that will facilitate esti
mation of f based on compound and soil properties. As discussed in the 
Supporting Information (Section S6.12), transport models are sensitive 
to this parameter, so currently, site-specific values may be needed for the 
most representative estimates of leaching, particularly where short-term 
mobility is of concern.

Prior studies have found that α is influenced by multiple factors 
including sorbate and sorbent hydrophobicity, molecule structure, 
shape, and size, and pore-water velocity (Brusseau et al., 1991a; Brus
seau, 1992; Piatt and Brusseau, 1998). As with f, trends in α with chain 
length were unclear. However, for each PFAS, values of α were within an 
order of magnitude for Biosolid C- and Biosolid E- amended soils with 
the exception of PFNA (Table S18). Similarities in transport across both 
biosolids-amended soils is further discussed below.

Differences between α values observed here and those in prior 
studies (Table S18) suggest trends with pore-water velocity. For 
example, in this study α values at a pore-water velocity of ~0.09 cm/min 
for PFOA (9.37×10− 3 - 1.18×10− 2 hr− 1; Table S18, Fig. 3C-D) and 
PFOS (1.08×10− 3 - 1.83×10− 3 hr− 1; Table S18, Fig. 3E-F) were an 
order of magnitude higher than those previously reported (3.00×10− 4 - 
4.17×10− 4 hr− 1 for PFOA, 2.10×10− 4 hr− 1 for PFOS) in saturated col
umns at a lower pore-water velocity of ~0.001 cm/min (Bierbaum et al., 
2023a; Guelfo et al., 2020). Additionally, values of α for PFOS were 
lower than those previously reported (7.70×10− 1 - 9.00×10− 1 hr− 1 for 
PFOS) in saturated columns at a higher pore-water velocity of ~0.1 

Fig. 2. BTCs for representative PFAS eluted in columns with Biosolid E-amended soils (A to C) and Biosolid C-amended soil (D to F) including PFCAs (A and D), 
PFSAs (B and E), and FASAs/bis-FASIs BTCs (C and F). Individual concentrations are summarized in Tables S16 and S17.
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Fig. 3. Measured breakthrough for select PFAS vs. breakthrough modeled with rate-limited desorption parameters (f, α) obtained using HYDRUS 1-D. Data are 
shown for PFPeA, PFOA, PFOS, and bis-FMeSI in soils amended with Biosolid C in the left column (A, C, E, G) and in soils amended with Biosolid E in the right column 
(B, D, F, H).
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cm/min (Brusseau et al., 2019; Nguyen et al., 2022). These data suggest 
that values of α increase, or are faster, with increasing porewater ve
locity, as has been seen for other classes of contaminants (e.g., 1, 
4-dichlorobenzene, naphthalene) (Abgaze and Sharma, 2015; Brus
seau, 1992; Maraqa et al., 2011; Zhang et al., 2021).

Fully elucidating the cause of trends in α with porewater velocity is 
beyond the scope of this study, but prior work offers insights. Obser
vations have been attributed to a time scale effect (i.e., experimental 
duration) (Brusseau, 1992). Additionally, higher velocities, imply faster 
diffusion of chemicals out of the immobile domain (lower times), and 
increased magnitudes of α (Rao et al., 1980; Van Genuchten and Wier
enga, 1977). Further, these trends have been attributed to 
velocity-dependence of solute diffusion through the organic carbon 
matrix (Brusseau, 1992; Brusseau et al., 1991a, 1991b, 1989; Brusseau 
and Rao, 2015; Nkedi-Kizza et al., 1989). Regardless of mechanism, it is 
clear that extrapolation of α from column experiments to transport in 
field scenarios is complicated by changes with porewater velocity. Here 
we have applied values of α to field transport scenarios that are based on 
variably saturated flow, which overall represents a slower range of 
porewater velocities than used in column experiments. While this may 
overestimate PFAS concentrations and mass transport, these values are 
considered the best available.

BTCs across both biosolid-amended soils followed similar trends and 
timing (Figure S12 A-D), implying similarities in transport mechanisms 
influencing PFAS transport in both soils. To further explore this, fitted 
parameters (f and α) from columns with Biosolid E-amended soil were 
used to predict (i.e., forward model) BTCs from columns with Biosolid C- 
amended soil (Fig. 4A-D). Results showed that transport parameters 
obtained from PFPeA and PFOA BTCs in soils amended with Biosolid E 
led to good predictions (R2>0.9) of BTCs for the same PFAS in soils 
amended with Biosolid C. Prediction of PFBS and PFOS transport was 
not as good (R2<0.7), but visual inspection shows that predicted 
transport is reasonable. Additionally, these parameters were only able to 
achieve an R2 of 0.67 in columns with Biosolid E-amended soil (i.e., the 

soil from which they were obtained as fitted parameters). A key impli
cation of these results is that PFAS transport in single-application sce
narios may be understood based on PFAS concentrations in biosolids 
amended soil and hydrogeological characterization of the background 
soil. Though it merits evaluation in additional biosolids and background 
soils, the nature of the biosolid (e.g., organic carbon content, moisture 
content) appears to have minor impact on PFAS transport. Note that 
overall sensitivity of model fits to values of f and α as well as the liter
ature Koc values selected for use in this study are further assessed in the 
Supporting Information (Section S6.12 and Figures S13 A-I).

3.6. Long-term modeling

Transport parameters obtained for PFOA and PFOS from column 
data were applied in forward simulations to understand mobility in 
agricultural settings under two biosolids application scenarios. The first 
scenario considered a one-time application of Biosolid E at a 1 % rate to 
elucidate transport of PFOA and PFOS for 40 yrs after a single applica
tion. Air-water interfacial partitioning was not considered in these 
simulations based on the outcomes of preliminary screening which 
demonstrated a negligible effect on porewater concentrations of PFOS 
reaching the top of the saturated zone under the conditions modeled 
(Section S6.14, Table S22, Figures S14A-S14B). After one year, the 
maximum groundwater concentrations of PFOA and PFOS were 106 and 
48.9 ng/L at depths <15 cm (i.e., the tilling zone; Figs. 5A-5B). After 40 
yrs, maximum concentrations were 7.37 and 6.32 ng/L at depths of 1509 
and 266 cm for PFOA and PFOS, respectively. Greater depth of pene
tration of PFOA is consistent with lower Koc and lower fraction of non- 
labile (i.e., 1-f) mass (Table S18). The concentration of PFOS at the 
top of the saturated zone (1525 cm) was < 1ng/L; however, concen
trations of PFOA predicted to reach the top of the saturated zone 
exceeded the MCL (Figs. 5A-5B). Greater penetration of PFOA vs. PFOS 
was also observed in previous modeling of biosolids-amended soils 
(Silva et al., 2022), and overall these trends are consistent with prior 

Fig. 4. Measured breakthrough for select PFAS from soils amended with Biosolid C vs. breakthrough modeled with rate-limited desorption parameters (f, α) based on 
fitting from soils amended with Biosolid C (purple) and Biosolid E (red) obtained using HYDRUS 1-D. Data are shown for PFPeA (A), PFOA (B), PFBS (C), and PFOS 
(D). Purple R2 are fits achieved by model inversions to BTCs in Biosolid C-amended soil and red R2 are fits achieved by predicting breakthrough in Biosolid C- 
amended soil with transport parameters from Biosolid E-amended soil. Transport parameters (f, α) for each biosolid-amended soil are in Figs. 3, S10, and Table S18.
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modeling of PFAS transport in impacted soils (Guo et al., 2022). Lastly, 
these results are similar to a field study that indicated concentrations of 
PFOA and PFOS in shallow groundwater (2 m below ground surface) 
were in the low parts per trillion (e.g., <2.5 ng/L) ~1 yr after applica
tion (Gottschall et al., 2017).

In the second biosolids application scenario, land application 
occurred annually for 40 yrs at the same rate (i.e., a worst-case scenario) 
leading to higher predicted concentrations of PFAS penetrating to 
greater depths. For example, the maximum predicted concentration of 
PFOA (184 ng/L), which extended to depths of ~500 cm was 26x higher 
than the concentration at that same depth 40 yrs after a single appli
cation (Fig. 5C). Similarly, the maximum concentration of PFOS at 267 
cm (105 ng/L) after 40 yrs of continuous application was 17x higher 
than the concentration observed at the same depth 40 yrs after a single 
application (Fig. 5D). At the top of the saturated zone (1525 cm below 
ground surface), the predicted concentration of PFOA was 107 ng/L 
after 40 annual biosolids applications; however, PFOS concentrations 
were <1 ng/L, implying little to no contamination of the saturated zone. 
Another recent study observed up to 73 % attenuation of total PFAS by a 
depth of 183 cm below ground surface in soils with a ~35 yr history of 
Class B biosolids application (Pepper et al., 2021). Although conditions 
of this prior study (semi-arid) are not equivalent to those used in our 
work, both studies demonstrate that groundwater impacts may not al
ways be the primary concern for PFAS in biosolids. Whereas PFOA 
concentrations reaching the saturated zone are concerning, particularly 
for the worst-case scenario of annual application, predicted PFOS im
pacts to the saturated zone are minimal.

There are important limitations in applying modeling results shown 
here to other biosolids application sites. Many variables will change 
between sites including PFAS concentrations in biosolids, annual 

application rates, years of application, precipitation, evapotranspira
tion, use of irrigation, subsurface geochemistry, and depth to ground
water. Results discussed above did not consider evapotranspiration, so 
they may overestimate the depth of contaminant leaching, particularly 
for PFOA. Long-term modeling of the annual application scenario that 
included regional evapotranspiration data (Table S8) (Minnesota DNR, 
2025), showed PFOA and PFOS retention at depths shallower than ~600 
cm, and reduced predicted PFOA concentrations at the top of the satu
rated zone to < 1ng/L (Figures S15A-B).

Additionally, while model scenarios here used variably saturated 
water flow, based on initial screening they did not consider PFAS par
titioning to the air-water interface, which in our screening models pri
marily impacted the shallow porewater concentrations (Figures S14A- 
B) and is most applicable to longer chain PFAS (e.g., PFOA, PFOS) (Stults 
et al., 2024). Notably, however, studies have also found that this 
mechanism is not critical for predicting long-term PFAS leaching (Stults 
et al., 2024), and that high levels of saturation applicable at many bio
solids application sites (e.g., due to irrigation or high precipitation) may 
eliminate the need to consider it, particularly in screening-level evalu
ations (Silva et al., 2022). Models here also do not consider heteroge
nous subsurface geology, which can significantly increase or decrease 
contaminant migration towards the saturated zone (Brusseau, 1994; 
Jardine et al., 1993; Mousavi Nezhad et al., 2011; Silva et al., 2022). For 
example, prior studies have concluded that preferential flow pathways 
may accelerate PFAS migration through the vadose zone to the saturated 
zone by as much as 19 years (Zeng and Guo, 2021). Increased vadose 
zone mobility of PFOS resulted from greater advection, dispersion and 
lower retardation due to decreased access of PFAS to air-water interfaces 
as a result of increased water saturation within the vadose zone sur
rounding the preferential flow path. This implies that incorporation of 

Fig. 5. Forward modeling results for PFOA (A, C) and PFOS (B, D) transport in the vadose zone following two biosolids application scenarios in the top 15.4 cm. 
Scenario 1 (A-B) shows aqueous PFAS concentrations in the unsaturated zone for 40 yrs following a single application of Biosolid E. Scenario 2 (C-D) shows PFAS 
concentrations in the unsaturated zone for 40 yrs of annual biosolids applications. Note that the full depth to groundwater (1525 cm) is not shown because con
centrations are ~0 ng/L at these depths across all scenarios and that the y-axis scales of A-B differ from C-D.
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preferential flow into the modeling scenarios in this study could increase 
the PFAS concentrations in porewater at the top of the saturated zone.

Lastly, our long-term models do not consider precursor trans
formation. Precursor analysis of our column data indicated that only 17 - 
28 % of precursors were mobilized with water infiltration, suggesting 
the potential for high retention in the shallow vadose zone in field 
scenarios. As noted above, precursor transformation to more mobile 
intermediate PFAS and terminal PFAAs may occur rapidly (~1 yr) 
following biosolids application (Lee et al., 2014; Liu and Liu, 2016; 
Schaefer et al., 2022a). Our long-term models do not consider genera
tion of PFCAs or PFSAs as a result of precursor transformation in the 
shallow vadose zone.

4. Discussion

Occurrence results demonstrated that PFAS concentrations in Bio
solids C and E are representative of those reported in prior studies (Link 
et al., 2024; Oviedo-Vargas et al., 2025; Schaefer et al., 2023; Sepulvado 
et al., 2011; Thoma et al., 2022), so results in this study have implica
tions for the broader practice of land applying biosolids. At least 8 states 
in the US have established regulatory criteria for PFOA and PFOS in 
biosolids (Izuegbunam, 2025). For example, Minnesota is implementing 
an annual biosolid testing requirement and a tiered-based approach 
where required actions depend on concentrations of PFOA and PFOS in 
biosolids (Section S6.13, Table S21) (MPCA, 2025). Based on this 
guidance, Biosolid C would be a Tier 4 biosolid because the PFOS con
centration (138.7 ± 5.0 ng/g) exceeds 125 ng/g, and further land 
application would not be allowed. Biosolid E would be a Tier 2 biosolid 
because PFOA (16.3 ± 1.4 ng/g) and PFOS (49.4 ± 3.8 ng/g) are within 
21- 50 ng/g, and land application would be allowed. Long-term 
modeling scenarios support that continued application of Biosolid E 
poses low risk for impacts to the saturated zone.

In addition to state-level regulations, the USEPA recently issued a 
risk assessment for PFOA and PFOS in sewage sludge (USEPA, 2025b). 
Importantly, the USEPA document is not intended to establish regula
tory criteria and focuses on risks to the farmer and those nearby (USEPA, 
2025b). The assessment included estimated groundwater concentrations 
(1240 cm below surface) of PFOA and PFOS resulting from a 1 ng/g 
loading (2.42×10− 3 and 2.00×10− 3 nmol/g for PFOA and PFOS, 
respectively) using best-case (i.e., high) Koc values of 1100 L/g for PFOA 
and 22,000 L/g for PFOS and worst case (i.e., low) Koc values of 26 L/g 
for PFOA and 220 L/g for PFOS (Kd was estimated for both PFOA and 
PFOS based on a 1.5 % foc). The USEPA assessment considered solute 
transport from a finite source with equilibrium linear partitioning. These 
scenarios resulted in estimated groundwater concentrations of 0.12 ng/L 
- 4.5 ng/L for PFOA and 2 × 10− 5 ng/L - 0.98 ng/L for PFOS after 40 
annual applications of 0.10 g/cm2, suggesting that these conditions 
could lead to groundwater concentrations in excess of MCLs.

Long-term modeling here used higher biosolid application (0.15 g/ 
cm2 of Biosolid E; Table S4), higher PFOA and PFOS concentrations in 
biosolids (16.3 and 49.3 ng/g, respectively), and greater values of 
infiltration (2.77×10− 3–1.60×10− 2 cm/hr vs. 2.29×10− 4– 1.75×10− 3 

cm/hr used by USEPA). Koc values used here were between the USEPA 
worst- and best-case scenarios (200 L/g for PFOA and 631 L/kg for 
PFOS; Table S7,). Despite the relatively more aggressive (i.e., worst- 
case) conditions used here, the long-term modeling results for PFOS 
(<1 ng/L at depths below ~815 cm) were similar to USEPA best case 
scenario (2 × 10− 5 ng/L). This may be due to USEPA’s use of an equi
librium sorption assumption for a considerably rate-limited compound 
(i.e. PFOS), which can lead to higher predicted aqueous concentrations 
(Figure S16A-B). Rate-limitation implies a time dependent release that 
delays mass release relative to equilibrium transport. Additionally, it is 
important to note that an equilibrium assumption may underestimate 
the duration of exposure, since it will not capture the long-term leaching 
of low-level concentrations. If the latter occurs at concentrations above 
regulatory levels (e.g., MCLs), then use of an equilibrium scenario 

should not, by default, be considered the “worst-case” scenario. We also 
note that using conditions modeled here, the biggest impacts of rate- 
limited desorption on PFOS mobility were observed in porewater con
centrations just below the bottom of the biosolids application layer 
(depth of ~15.24 cm; Figure S16B), and concentrations at depths below 
300 cm were essentially the same under equilibrium and rate-limited 
conditions (Figure S16B). More details about the significance of rate- 
limited transport are in the Supporting Information (Section S6.14, 
Table S23).

Unlike PFOS, modeled PFOA porewater concentrations at the top of 
the saturated zone after 40 yrs of application (107 ng/L) were higher 
than those in the USEPA worst-case (i.e., low Koc) assessment (4.5 ng/L). 
This is likely due to USEPA’s use of a constant foc with depth. Studies 
have shown that soil foc rapidly decreases with depth, reaching mini
mum values (<1 %) in the first 100–200 cm below ground surface 
(Hobley and Wilson, 2016), and this is also consistent with soil survey 
data for our study region (Figure S1). Overestimation of foc, and thus Kd, 
would cause underestimation of porewater PFAS concentrations and 
depth of leaching, particularly for comparatively labile compounds, 
such as PFOA.

Regardless, both equilibrium and rate-limited modeling highlight 
occurrence of higher PFAS porewater concentrations in the shallow 
vadose zone. This increases the potential for uptake of porewater PFAS 
by plant roots, which might be reduced through use of stabilization 
techniques in biosolid-amended soils. Biochar (Barth et al., 2021; Garg 
et al., 2023; Sørmo et al., 2021; Zhang and Liang, 2022a, 2022b), acti
vated carbon based materials (granulated, colloidal, powdered) (Barth 
et al., 2021; Navarro et al., 2023; Shin and An, 2025; Zhang and Liang, 
2022a), clay based sorbents (Barth et al., 2021; Jiang et al., 2023) are 
among the PFAS stabilization agents currently being evaluated for use in 
biosolids-amended soils. As an added benefit, stabilization would also 
reduce PFAS mobilization towards the saturated zones, which could be 
critical for more mobile constituents such as PFOA.

In all, model results here highlight that it is difficult to make broad 
generalizations regarding the risk of PFAS in land-applied biosolids, and, 
as noted in prior studies, site-specific considerations are beneficial 
(Pepper et al., 2023). For example, arid and semi-arid climates might 
decrease the risk of PFAS mobility while humid conditions (as presented 
by this study) might promote it. Similar to our long-term modeling re
sults, prior studies have found concentrations of PFOA in groundwater 
that exceed European regulatory limits after 40 yrs of application 
(Alvarez-Ruiz et al., 2024). However, results presented here also suggest 
that the soil to groundwater pathway will not be the only (or even pri
mary) pathway of concern for all PFAS at all sites. Exposure via path
ways that involve surficial soil or shallow porewater may be of greater 
overall concern at some land application sites. Critically, this may 
include exposure via plant uptake of porewater PFAS or, as noted in a 
recent study (Peter and Lee, 2025), exposure to PFAS inputs to surface 
water via tile drainage.

5. Conclusions

This study presents results of saturated column experiments using an 
agricultural soil amended with two biosolids. Column experiments were 
modeled using a 2-site, rate-limited model and resulting parameters 
were used to model two long-term (e.g., 40-year) field-scale scenarios. 
Results from this study add to the current understanding of PFAS fate 
and transport following land application of municipal, wastewater bio
solids. The work presented here demonstrated the following key results: 

• Following amendment of Biosolids C and E, PFAS concentrations of 
1.83×10− 2 - 2.37×10− 2 nmol/g were observed in biosolids-amended 
soils, and this is representative of PFAS concentrations that may be 
observed immediately after a single application of a typical, 
municipal biosolid. Further, upon application, a significant fraction 
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of this mass (21 - 25 % in this study) was comprised of precursors 
with potential to transform into PFAAs.

• To our knowledge, this study is the first to demonstrate occurrence of 
bis-FMeSI in municipal biosolids (6.73×10− 4–6.63×10− 3 nmol/g), 
which underscores the results of an increasing number of studies 
highlighting environmental concerns about this relatively unstudied, 
lithium-ion battery associated PFAS.

• Mobility of PFAS in column studies exhibited the same trends 
observed in column studies of other types of PFAS-impacted soil (e. 
g., manufacturing, firefighting foams). This includes chain-length 
dependent transport, and greater mobility of PFCAs relative to 
PFSAs of the same chain length. Studies suggest that transformation 
of a large fraction of unknown precursors in biosolids will occur 
within 1 yr of application, but only a few studies have investigated 
the potential for precursor transport before transformation (i.e., 
immediately following land application). This study supports limited 
prior work that demonstrates some unknown precursors are mobi
lized upon land application of biosolids, but the majority (58–68 %) 
are retained in shallow soil.

• As in other types of PFAS-impacted soils, consideration of rate- 
limited sorption/desorption processes was needed to model release 
and retention of PFAS in biosolids-amended soils. Specifically, PFAS 
mass was divided between a mobile (or labile) fraction controlled by 
equilibrium sorption-desorption and a non-labile fraction controlled 
by rate-limited sorption-desorption. Rate-limited transport parame
ters (f, and α) suggested that the fraction of sites represented by 
equilibrium sorption (f) was lowest for more hydrophobic PFAS (e.g., 
PFOS), and when compared to other studies, there is evidence to 
support an increase in α with decreasing porewater velocity. This 
highlights that these transport parameters will be specific to the in
dividual PFAS, soil characteristics (e.g., foc), and infiltration rates 
relevant to specific land application sites.

• Mobility of PFAS in soil amended with two different biosolids could 
be described by the same transport parameters (Koc, f, and α) despite 
the application of biosolids with different properties (e.g., organic 
carbon content, PFAS concentrations). Thus, single application sce
narios, these results suggest the background soil and water flow 
properties, and not the properties of the biosolid, will govern PFAS 
transport. By extension, this suggests PFAS transport in single 
application scenarios may be understood based on PFAS concentra
tions in biosolids-amended soil and hydrogeological characterization 
of the background soil.

• When modeling parameters obtained from column studies were 
extended to long-term modeling of PFOS under field-relevant con
ditions, incorporation of air-water interfacial partitioning decreased 
contaminant downward migration, while increasing accumulation in 
shallow-soil. However, this did not meaningfully impact long-term 
predictions of PFOS porewater concentrations reaching the satu
rated zone.

• For PFOA, long-term modeling showed differences in porewater 
concentrations reaching the saturated zone 40 years after a single 
application (7.37 ng/L) and after 40 yrs of annual applications (107 
ng/L), although in both cases predicted porewater concentrations of 
PFOA at the top of the saturated zone exceeded the USEPA MCL. 
However, these concentrations were reduced to <1 ng/L at the top of 
the saturated zone when evapotranspiration was considered. This 
highlights that leaching of more mobile PFAS will be highly depen
dent on infiltration rates. Further, while the soil to groundwater 
pathway may not be a concern at all sites, risk resulting from expo
sure to groundwater impacted by PFAS containing biosolids cannot 
universally be excluded.

• Unlike PFOA, PFOS porewater concentrations were <1 ng/L at the 
top of the saturated zone in both long-term modeling scenarios. This 
this further underscores that the soil-to-groundwater pathway will 
not be the primary exposure route of concern for all PFAS or at all 
sites. Instead, other routes involving shallow surficial soil and 

porewater including plant uptake, runoff, and tile drainage, should 
also be considered in field-based risk assessments.

• Differences between equilibrium transport and 2-site transport 
models demonstrated the impact of rate-limited sorption-desorption 
in PFOS leaching from biosolid-amended soils. Whereas equilibrium 
transport predicts faster mass depletion and higher porewater con
centrations, which could increase the concentration of exposure, 
rate-limitation may cause slower mass depletion and thus long-term 
leaching of low-level concentrations, which could extend the dura
tion of exposure. These results emphasize previous literature reports 
of the importance of rate-limited sorption-desorption in under
standing PFAS transport in the vadose zone.

• Under conditions modeled here, rate-limited sorption-desorption 
had the greatest impact on porewater concentrations in shallow 
depths (< 100 cm). So, consideration of rate-limited solute transport 
may have the greatest impact on understanding the bioavailable 
fraction for processes such as plant uptake as opposed to under
standing porewater concentrations at the top of the saturated zone.

• Depending on modeling approach (i.e., inclusion of evapotranspi
ration, inclusion of air-water interfacial partitioning, rate-limited 
sorption-desorption process, or use of an equilibrium assumption), 
long-term models showed a range of porewater concentrations (<1 
to 100 s of ng/L) reaching the saturated zone. So, it is critical to note 
that the results of this study should not be universally applied to all 
land application sites. Instead, site-specific considerations could be 
applied using similar modeling approaches to evaluate the relative 
importance of exposure pathways such as soil to groundwater or 
plant uptake.

Land application of biosolids has key benefits including improve
ment of soil health and sustainable management of wastewater re
siduals, but increasing focus on PFAS in biosolids is leading to policies 
that go as far as to restrict or ban all biosolids applications. Importantly, 
other methods of biosolids disposal including landfilling and incinera
tion may not fully address environmental concerns of PFAS in biosolids. 
The best line of defense against environmental impacts of PFAS in bio
solids is source control (i.e., reduction or elimination of PFAS entering 
wastewater treatment facilities). Until this can be achieved, best man
agement practices (e.g., stabilization approaches, management of 
application rates and frequency) are needed to mitigate risks associated 
with PFAS in biosolids.
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