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Abstract

Some Per- and polyfluoroalkyl substances (PFAS) are strongly retained in the vadose zone due to
their sorption to both soils and air-water interfaces. While significant research has been dedicated to
understanding equilibrium behavior for these multi-phase retention processes, leaching and desorption
from aqueous film-forming foam (AFFF) impacted soils under field relevant conditions can exhibit
significant deviations from equilibrium. Herein, laboratory column studies using field collected
AFFF-impacted soils were employed to examine the leaching of perfluoroalkyl acids (PFAAs) under
simulated rainfall conditions. The HYDRUS 1-D model was calibrated to estimate the unsaturated
hydraulic properties of the soil in a layered system using multiple boundary condtions. Forward
simulations of equilibrium PFAS partitioning using the HYDRUS model and simplified mass balance
calculations showed good agreement with the net PFAS mass flux out of the column. However, neither
were able to predict the PFAS concentrations in the leached porewater. To better understand the
mechanisms controlling the leaching behavior, the HYDRUS 1-D two-site leaching model incorporating
solid phase rate limitation and equilibrium air-water interfacial partitioning was employed. Three
variations of the novel model incorporating different forms of equilibrium air-water interfacial
partitioning were considered using built-in numerical inversion. Results of numerical inversion show that
a combination of air-water interfacial collapse and rate-limited desorption from soils can better predict the
unique leaching behavior exhibited by PFAAs in AFFF-impacted soils. A sensitivity analysis of the initial
conditions and rate-limited desorption terms was conducted to assess the agreement of the model with
measured data. The models demonstrated herein show that, under some circumstances, laboratory
equilibrium partitioning data can provide a reasonable estimation of total mass leaching, but fail to
account for the significant rate-limited, non-Fickian transport which affect PFAA leaching to groundwater

in unsaturated soils.
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Introduction

Per- and poly-fluoroalkyl substances (PFAS) are a large class of chemicals with low
criteria for toxicity calculated from risk based approaches which are recalcitrant within the
environment (Fenton et al., 2021; Guelfo et al., 2021; Sharifan et al., 2021; Sima and Jaffé,
2021). PFAS high potential for bioaccumulation, low criteria for toxicity, and pervasive
environmental occurrence compound the issue of their environmental challenges (Anderson et
al., 2016; Brusseau et al., 2020; Guelfo and Adamson, 2018). Soil and groundwater are typically
impacted by PFAS due to release of aqueous film-forming foams (AFFFs) (Anderson et al.,
2016; Moody and Field, 1999), waste disposal (Lang et al., 2017), wastewater treatment plant
effluent (Islam et al., 2023), aerosol deposition (Faust, 2023; Johansson et al., 2019), and
numerous manufacturing processes (Gliige et al., 2020). Currently, in situ treatment technologies
are not commercially available and fully validated for PFAS, while ex sifu soil treatments are
relatively expensive and not readily available (Ross et al., 2018). Thus, proper assessment of
PFAS fate and transport, particularly in AFFF-impacted soil source areas, is critical to properly
determine the extent to which source area treatment is needed.

PFAS commonly enter subsurface systems during surface applications and must migrate
through the vadose zone prior to entering groundwater systems (Anderson et al., 2016; Brusseau
et al., 2020; Faust, 2023). PFAS transport within the vadose is coupled to the water flux, but is
subject to other physiochemical processes (i.e. adsorption to surfaces and transformation) which
can influence transport behavior (Brusseau and Rao, 1989; Siminek and Genuchten, 2008).
Reactive transport models which treat PFAS transport as a Fickian equilibrium process have
asserted that PFAS contamination will persist for centuries without vadose zone remediation

(Ruyle et al., 2023). However, transient and heterogenous conditions in the vadose zone
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frequently produce non-Fickian, reactive transport processes which can have unexpected results
(Ben-Noah et al., 2023; Hasan et al., 2020; Zeng and Guo, 2023).

There are several models which can quantify the effects of non-Fickian transport and
chemical sorption non-equilibrium. The fundamental examples of these models are the two-site
adsorption model and the mobile-immobile model (MIM) (van Genuchten and Wagenet, 1989).
The two-site adsorption model is less physically robust in its treatment of the non-equilibrium
domain but can more easily quantify both non-equilibrium adsorption and the effect of immobile
water with less explicit informational inputs. The classical MIM is more physically robust, as it
explicitly quantifies the amount of immobile water in the pore space and quantifies a
macroscopic mass transfer coefficient of transport from the advective to the diffusion limited
domain. At the time of this publication, HYDRUS is the only commercially available software
which can quantify both air-water interfacial adsorption of PFAS and rate-limited, non-Fickian
transport processes in the vadose zone (Silva et al., 2020).

PFAS have several potential retention processes which can vary based on the type of source
zone (Brusseau, 2018; Brusseau and Guo, 2022), the hydrophobicity of the PFAS (i.e. potential
adsorption to the air-water interface) (Brusseau and Guo, 2022; Stults et al., 2023), and soil
properties (Brusseau, 2023a; Wanzek et al., 2023). In general, solid phase and the air-water
interfacial partitioning of PFAS are the two retardation and retention mechanisms that are of
greatest concern at most field locations (Brusseau, 2018; Brusseau and Guo, 2022; Schaefer et
al., 2022a). Equilibrium solid phase adsorption is a complex function of PFAS structural
characteristics (e.g., carbon chain length and functional groups), cation/anion exchange capacity,
soil pH, total organic carbon (TOC) content, silt/clay content, and specific surface area (SSA)

(Knight et al., 2019; Kookana et al., 2022; Nguyen et al., 2020; Umeh et al., 2021; Wanzek et al.,
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2023). Currently, there is debate over whether a concentration dependent Freundlich isotherm or
a concentration independent Langmuir isotherm is applicable for equilibrium air-water interfacial
partitioning of PFAS below a critical reference concentration (CRC) (Arshadi et al., 2020;
Brusseau et al., 2021; Schaefer et al., 2020, 2019; Stults et al., 2023, 2022). There are a number
of studies and methodologies supporting both the application of a Freundlich (Abraham et al.,
2022; Schaefer et al., 2022b, 2022a, 2019; Stults et al., 2023, 2022) and Langmuir (Arshadi et
al., 2020; Brusseau et al., 2021; Brusseau and Guo, 2022; Le et al., 2021) isotherms below the
CRC, which we detail in a prior publication (Stults et al., 2023). There is also a rapidly evolving
understanding of the mechanisms of solid phase adsorption of PFAS (Nguyen et al., 2020).
Recent evidence suggests there are non-labile or significantly rate limited fractions of PFAS
mass which do not readily desorb from natural soils (Huang et al., 2023; Schaefer et al., 2021;
Wanzek et al., 2023). This non-labile mass has been directly quantified for PFAS contamination
associated with AFFF applications (Schaefer et al., 2021; Wanzek et al., 2023).

A significant amount of work has been performed evaluating PFAS transport through
saturated, PFAS free soil and sandy material which shows solid phase partitioning can be at
non-equilibrium (Brusseau et al., 2019; Guelfo et al., 2020; Lyu et al., 2018; Van Glubt et al.,
2021; Wang et al., 2021; Zhou et al., 2021) or irreversibly adsorb a large fraction of mass
(Wanzek et al., 2023). One study in particular demonstrated that both short and long chain
perfluoroalkyl acids (PFAAs) solid partitioning could be better simulated with a two-site
non-equilibrium model than with equilibrium models (Guelfo et al., 2020). However, less work
has been done to understand the desorption of PFAS from multi-phase vadose zone soils.
Experimental studies have shown that solid desorption processes remain poorly understood

(Huang et al., 2023; Maizel et al., 2021; Schaefer et al., 2021). Other studies have shown field
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behavior of PFAAs often can be reasonably described by equilibrium partitioning (Brusseau,
2023a; Schaefer et al., 2024, 2023). While some transient leaching studies (Hgis@ter et al., 2019;
Schaefer et al., 2023, 2022a) and modelling studies (Wallis et al., 2022; Zeng and Guo, 2023,
2021) have been conducted for PFAS in unsaturated conditions, very little well controlled
experimental data exist which could better elucidate the mechanisms of vadose zone PFAS
leaching under realistic conditions.

This study attempts to better understand the mechanisms of PFAS desorption from
AFFF-impacted soils using well controlled laboratory leaching experiments and modeling with
HYDRUS 1-D. An AFFF-impacted soil was collected and characterized prior to this study
(Maizel et al., 2021; Schaefer et al., 2023, 2022c, 2021), and was evaluated in a series of
transient flow unsaturated column experiments that were designed to simulate PFAS leaching
during wetting and drying cycles. HYDRUS 1-D and a cell-based mass balance showed PFAS
mass flux could reasonably estimate the total mass flux from the column using equilibrium
partitioning parameters. However, equilibrium partitioning could not describe the temporal
dynamics of PFAS leaching with respect to the solute concentration in the eluate. It was
theorized that rate-limited solid desorption from soils, consideration of labile vs non-labile mass
fractions, and equilibrium air-water interfacial partitioning could significantly improve the
simulation of PFAA dynamics in the eluate.

Materials & Methods

Experimental Materials & Methods
Column Materials and Packing
Four identical soil leaching columns (two using AFFF-impacted soil, and two using a

clean sand) were constructed from 5 cm diameter acrylic (Figures S.1-2). The columns were a
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total of 17 cm long. A 400x400 stainless steel screen mesh was placed on the base of the column
to support the porous material and prevent removal of fines immediately above a small volume
water trap. A saturated 3 cm silica flour cake was placed on the bottom to prevent disaggregation
of the media (Figures S.1-S.3). The air-entry pressure for the 45um silica flour was 250 mm Hg
from Soil Moisture Corporation (Goleta, California). Prior to column leaching testing using the
AFFF impacted soil, control studies were conducted to ensure adsorption of PFAS to the column
materials (including the silica flour) was negligible (Figure S.4).

Immediately above the silica flour cake, 300 grams (10.2 cm in length) of homogenized
AFFF impacted soils or control sand were packed into the column. Soils were homogenized by
coning and quartering the samples. The columns were dry packed at 1 cm intervals. Each column
material was packed in duplicate for a total of 4 columns (Figures S.2-S.3). Directly above the
AFFF-impacted soils, a 65 gram (3 cm length) of 0.3-0.4 mm silica sand was placed to help
promote uniform distribution simulated rainfall prior to entering the column. The initial moisture
content in the column was determined based on the initial soil moisture content (determined
gravimetrically at 13% by volume prior to packing). A synthetic, PFAS-free rainwater was
prepared using the recipe shown in Table S.1.
Porous Media

An AFFF-impacted soil was collected from a previously studied, former fire training area
in the Northeastern United States (Schaefer et al., 2023, 2021). Total PFAS mass in the soil was
determined as noted in the analytical methods section. The media itself was characterized for its
physical properties (i.e., grain size distribution, sand/silt/clay ratio) to estimate air-water
interfacial scaling factor values (Figure S.5). Chemical properties of the soil (TOC, pH) were

analyzed as well (SI.1). A control column using oven dried sand (0.3-0.4 mm diameter - Reco
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Group) was also prepared to ensure any PFAS leaching from the soil column was not attributable
to any of the column materials or synthetic rainwater.
Rainfall Simulation Experiments

A peristaltic pump was calibrated to a flow rate that correlates to the volume of rain
needed for each rain event. The peristaltic pump was used to deliver a predetermined amount of
rainwater to the top of the column over the interval specified in Table S.2. At the start of each
rain event, the peristaltic pump and vacuum (100mm Hg) were turned on for the length of time
specified in the rain event schedule (Table S.2). Rain events correspond to light (0.3 inches over
3 hours), heavy (0.6 inches over 3 hours), and storm (1 inch over 3 hours) rainfall events
observed at the field location. Once no more water could be removed from the column, the
vacuum was turned off to prevent over-drying of the column and potentially the silica flour. The
length of vacuum application is specified in Tables S.3-4 along with all other boundary
conditions required for HYDRUS model input. Before beginning the next day’s rain event,
additional vacuum was applied for 1 hour to collect any residual leachate that occurred overnight
due to residual vacuum in the column. After 1 hour of vacuum, the residual leachate sample was
collected, and the experimental setup was reset for the next rain event. The porosity of the soil
was measured to be 0.405 via gravimetric mass balance after fully saturating a dry, packed
sample. The residual water content was assumed to be 0.045 based on the USDA sandy soil
classification. Moisture content was measured at the start of the experiment and for a subset of
data during an extended drying period in the 29-50 day range of the experiment. The changes in
water content were used to estimate the evaporation rate from the column as detailed in SI.1 and
Figure S.6.

Sample Preparation and Analysis
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Prior to analysis, soils were extracted using a previously published method (Shojaei et al.,
2022), and aqueous samples were diluted in methanol amended with an internal standard (IS)
mixture to achieve a final concentration of 200 ng/L. Analysis of PFAS in aqueous sample and
soil extracts was performed on a quadrupole time of flight mass spectrometry (QTOF-MS;
X500R, SCIEX, Framingham, MA, USA) coupled to a Sciex Exion AC high performance liquid
chromatography system (LC), using previously published methods (Shojaei et al., 2022). Briefly,
data were collected using a multiple reaction monitoring high resolution (MRMHR) acquisition
mode, and two transitions (quantifier and qualifier) were monitored for each of 26 PFAS
monitored (Table S.3), where possible. Sciex OS was used for data acquisition and processing. A
minimum of two injections per sample were quantified over a calibration range of 1-5000 ng/L.
(R?>0.99) using isotope dilution, and concentrations were reported as the average of duplicate
injections. Quality control samples included method blanks, solvent blanks, instrument
sensitivity checks, and calibration verification. IS recoveries were used to evaluate extraction
efficiency and matrix effects. More details regarding sample preparation, chromatographic and
mass spectrometer conditions, and quality assurance quality control are available in SI.2.
Modeling Methods

Numerical models of water flow and PFAS transport were calibrated and validated using
HYDRUS 1-D with the PFAS module add-on package. The two-site kinetic model was
implemented for the system assuming the equilibrium and non-equilibrium phases were initially
at equilibrium for the inversion modelling. An additional forward sensitivity analysis was
conducted for PFOS and PFPeS where the equilibrium and non-equilibrium concentrations were
initially specified to investigate the effect of rate-limited desorption and equilibrium (f) vs.

non-equilibrium mass fractions.
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Mathematical Modelling — Unsaturated Flow

HYDRUS 1-D utilizes the standard form of Richards equation to calculate water flux and
changes in water content through the 1-D domain. Richards equations postulates that changes in
water content in unsaturated porous media are a function of the hydraulic conductivity, capillary
pressure, and gravitational force of water (Richards, 1931). Equation 1 is Richards Equation and

Equation 2 is the Darcy Flux Equation for unsaturated systems.

% — % [K(l/)) (1 + Z—f)] Equation 1
q=-K@) (1 + au;_(;)) Equation 2

Where 60 is the volumetric water content of the porous media, ¢ is time, z is longitudinal distance
along 1-D domain, K(1) is the unsaturated hydraulic conductivity of the media, 1 is capillary
pressure in units of length, and ¢ is the 1-D Darcy flux.

To utilize Richards Equation and the Darcy Equation, a relationship between volumetric
water content, capillary pressure, and the unsaturated hydraulic conductivity must be established.
This is more commonly referred to as the water retention function, commonly estimated using
the Van Genuchten equation. The Van Genuchten equation is preferable to other solutions
because it is a closed form equation that allows for easier convergence of the soil hydraulic
parameters determined from numerical inversion. The capillary pressure — water content
relationship is presented in Equation 3, while the water content — unsaturated hydraulic

conductivity relationship is presented in Equation 4.

0-6,
0s—0,

L .
0 = [1+ = w)"] Equation 3

2

1\m
%1;0) — @05 [1 _ (1 — @E) ] Equation 4
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Where 6, is the residual water content, 6;is the porosity of the media or saturated water content,

a 1s the capillary pressure scaling term of the Van Genuchten equation, n is the function shaping

term of the Van Genuchten Equation,m = 1 — (l), and Kjis the saturated hydraulic

n

conductivity of the media.

The column was simulated as a 16.2 cm long layered system. The top 3 cm layer was a
0.3-0.4 mm silica sand (similar to 40/50 accusand), the 10.2 cm middle layer was the impacted
AFFF soil, and the bottom 3 cm layer was the silica flour. The Van Genuchten parameters for the
top layer of sand were estimated using a built in neural network in HYDRUS 1-D, and the
hydraulic conductivity was assumed to be similar to a 40/50 accusand measured in (Schroth et
al., 2001). The Van Genuchten parameters and hydraulic conductivity of the bottom layer of
silica flour were assumed to be similar to a clay with high water retention and estimated using
the USDA soil classification tool built-in to HYDRUS. The HYDRUS 1-D inversion tool was
used to estimate the Kj, a, and n terms most well suited to the AFFF impacted media for this
column study as described in the next section. Once these three parameters were determined, the
Darcy Flux was used to couple the contaminant transport equation to measurements of water
flux. A graphical illustration of the layered system and a table of the assumed parameters are

presented in Figure 1.
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Figure 1: A simplistic graphical representation of the soil column and the parameters used for input to the model.
Fields in the table left plant for the AFFF impacted soil are the parameters which are estimated via numerical
inversion of the water flux and measured water content data.

The saturated hydraulic conductivity (Ks) and empirical Van Genucthen parameters (a, n)
were estimated using measured water flux data and estimated water content data as the objective
functions. The top column had an atmospheric boundary condition which allowed for
precipitation and evaporation. Precipitation occurred at a constant rate during each simulated 15
storm events. The length and rainfall rate of each event are presented in Table S.2. The
evaporation rate was determined experimentally as a function of the days after the last rain event
(Figure S.6). Ponding of 0.5 cm of water at the top of the column was allowed, as it was
observed that water did not always immediately enter the column. A variable flux boundary
condition and variable head boundary condition were simulated for the base of the column to
determine which most appropriately simulated changes in measured water content (SI.3). All

transient boundary condition inputs for HYDRUS are summarized in Tables S.3 & S.4.
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Mathematical Modelling — PFAS Transport

The solute dispersivity in all simulations was assumed to be 0.1 cm for all media,
consistent with literature reported values for low dispersion sandy media (Zhuang et al., 2021).
Forward, equilibrium simulations of PFAS transport were performed using calibrated water flux
data and empirical/estimated equilibrium partitioning data for PFAS. The details of the
equilibrium partitioning model are presented in Equations S.1-S.3. A daily mass balance-based
calculation (Equation S.6) using the retardation factor from Equation S.1 was performed to serve
as a comparison to the HYDRUS model results. More detail on the mass balance model is
provided in SL.3.

The two-site kinetic contaminant transport model available in HYDRUS was used in this
study due to observation of equilibrium (labile) adsorption sites and very slowly desorbed mass
on kinetically limited (non-labile sites) in a previous study (Schaefer et al., 2021). The traditional
two-site model has one fraction of equilibrium sites and one fraction of kinetically limited sites.
The 1-D transport equation which accounts for labile and non-labile mass fractions as well as air-

water interfacial partitioning for each PFAS is presented in Equations Sa-c.

200Cy) | o 9 dsg , 0(TAqw) _ 0 ( aﬂ) _ 3(qCw)

ot b 5¢ at ot ox W 5y X Equation 5a

Pb aaitk = appp(Cs —sx) Equation Sb

Cs = fK4Cy + (1 — f)K4Cy = Sp + Sg Equation 5S¢

Where C,, is the aqueous PFAS concentration, pis the bulk density, S.is the equilibrium (labile)
adsorbed PFAS concentration, Skis the non-equilibrium (non-labile) adsorbed PFAS

concentration, I' is the surface excess at the air-water interface, Aqy 1S the air-water interfacial

area, D, is the media dispersion term, «;, is the kinetic desorption parameter, and C;is the
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equilibrium solid phase concentration, and fis the fraction of equilibrium adsorption sites. The
implementation of the inversion method for this model in HYDRUS is described in SI.4.

Solid phase desorption behavior of this system is assumed to were found to follow a two
site kinetic model type behavior under saturated conditions (Schaefer et al., 2022a, 2022c, 2021).
Simply, fraction of mass (f) is assumed to be at equilibrium (labile) while the other fraction was
found to be at non-equilibrium (non-liabile). The K, values used in the models were obtained
from prior desorption isotherm studies on this soil (Schaefer et al., 2022c). The air-water
interfacial area of the soil was estimated using the thermodynamic estimation of air-water
interfacial area built in to HYDRUS as shown in Equation S.3 (Silva et al., 2020). However, the
thermodynamic estimation of air-water interfacial areas has been previously demonstrated to
underpredict air-water interfacial areas (Brusseau and Guo, 2021; Silva et al., 2022). Thus the
air-water interfacial scaling term built into HYDRUS was used to correct the air-water interfacial
area (Silva et al., 2020). The mean scaling factor for this media was calculated to be 5 using the
empirical correlation from (Brusseau, 2023b) presented in Equation 6.
Aaw = Athermo * (SFmean) = Athermo * [(—0.45 * dso) + 5] Equation 6

Where Amermo 15 the air-water interfacial area predicted by Equation S.3 with a scaling
factor of 1, SFean 1s the average scaling factor from (Brusseau, 2023b), and dsois the median
grain diameter. The dso measured for this media is approximately 0.04 cm (Figure S.5)
PFAS Mechanistic Evaluation Using Numerical Inversion

Initial forward simulations of equilibrium PFAS partitioning were conducted to provide a
baseline for assessing PFAS fate and transport. The initial equilibrium simulations assumed
linear adsorption the solid phase, and used an estimation of the average Ki, based on the mean

effluent concentration using the ppQSPR from (Stults et al., 2023). The measured mass flux of
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PFAS from the column as well as the measured leachate concentration were compared against
simulated data. Based on results from previous studies (Maizel et al., 2021; Schaefer et al.,
2021), it is expected that equilibrium modelling will not be sufficient to simulate the desorption
behavior of PFAS under simulated rainfall conditions. Initial forward simulation models were
performed using the modified version of HYDRUS 1-D (Silva et al., 2020) and a mass balance
model (Brusseau and Guo, 2022; Schaefer et al., 2022a) to confirm this finding and serve as a
comparative baseline.

For the non-equilibrium inversion models, three different conceptual non-equilibrium
models were developed for simulating PFAS fate and transport of PFAS in the columns where
all PFAS mass is assumed to be initially in the non-equilibrium domains at the start of the
column experiments.

1) Freundlich adsorption to the air-water interface with rate-limited linear partitioning to

solid surfaces. (Freundlich AWIA)

2) No air-water interfacial adsorption with rate-limited linear partitioning to solids. (no

AWIA)
3) Langmuir (linear below the CRC) adsorption to the air-water interface with rate-

limited linear partitioning to the solid surface. (linear AWIA)

Numerical inversions were performed using the PFAS effluent concentration data as the
objective function (Jacques et al., 2012; Stults et al., 2022). In all three model inversions, the
fraction of equilibrium adsorption sites (f) and the rate-limited solid phase desorption coefficients
(o) were estimated. Model appropriateness was evaluated using the R? and Akaike Information
criteria (AIC) comparisons. AIC is a common tool used to determine a model likelihood of

appropriateness compared to other models. A lower AIC value indicates a higher likelihood of
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model appropriateness, which can be more accurately quantified using AIC weights (wWAIC)

(Wagenmakers and Farrell, 2004).

Results and Discussion

Estimation of Water Flux Parameters

Hydraulic properties of the media were calculated in preparation for equilibrium
simulations of the column data for variable flux and variable head boundary conditions. The
flux-based boundary conditions (R? = 0.995, AIC = -558) significantly outperformed the head-
based boundary conditions (R? = 0.977, AIC = -491). While neither solution is necessarily
unique to the soil, the flux-based boundary condition provides a more accurate simulation of the
measured average water content and water flux through the base of the column. The van
Genucthen parameters for the soil are presented in Table 1 and fitted vs. observed data are

presented in Figure 2a-b.

Table 1: Fitted Van Genuchten Parameters for the AFFF impacted soil column data.

95% CI
Variable Value S.E.Coeff. Lower Upper
o [1/cm] 1.32E-01 5.79E-02 1.72E-02 2.47E-01
n [-] 1.85E+00 2.58E-01 1.34E+00 2.36E+00
K [em/min] 5.60E-01 1.99E-01 1.66E-01 9.54E-01
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Figure 2a-b: (a — left) The cumulative water flux of measured data vs. the simulated data from the fitted van genuchten
parameters. (b — right) average volumetric water content in the column vs. simulated data.

The application of constant flux allowed for a precise calibration of the model to the
measured water flux from the experiments. This is of critical importance as multiple studies have
identified water flux as a key term controlling PFAS mass flux from the vadose zone to
groundwater (Newell et al., 2023; Wallis et al., 2022). Evaporation from the top of the column
was not constant with time and followed a decreasing power law correlation. This decreasing
evaporation rate with time is in good agreement with measured decreasing evaporation rates
from layered sandy systems (Shokri et al., 2010) (Figure S.6). The baseline water content
generally increases from 0.13 to around 0.23 during the first 3 rain cycles. The simulated results
demonstrate how water typically moves through the sandy system in the form of a large pulse,
which dramatically increases both the hydraulic conductivity and decreases the air-water
interfacial area of the porous media. This combined effect is expected to produce significant

release of PFAS from the soil system. Additional details on the changes in water flux and water
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content associated with head based and flux-based models can be found in Figure S.7-9 and the
associated text.

Qualitative Assessment of Leaching Data

The six PFAS observed and examined in this study (PFBS, PFPeS, PFHxS, PFOS, PFPeA, and
PFOA) are all PFAAs which can be categorized as long chain (PFOS, PFOA) or short chain
(PEBS, PFPeS, PFHxS, PFPeA) compounds. These six PFAS were selected because solid phase
partitioning to the soil had been sufficiently characterized in a prior study and were observed in
the leachate herein (Schaefer et al., 2021; Schaefer et al., 2022c). In general, the two long chain
compounds initially had relatively low concentrations in the column effluent over the first 3-day
wetting cycles before increasing to a steady state effluent concentration in the second or third 3-
day wetting cycle (Figure S.11). Short chain compounds initially spiked to a relatively high
effluent concentration during the first wetting cycle and then gradually decreased in
concentration over the next four wetting cycles (Figure S.11). This leaching behavior suggested
that the short-chain PFAS mass became rapidly depleted in the columns, while the long-chained
PFAS had relatively low mass depletion. To confirm this observation, the total mass leached was
calculated and plotted against the liquid volume released relative to total solid mass (Figure
S.12). Short chain components tended to leach mass more rapidly than longer chain components,
consistent with previous observations (Maizel et al., 2021; Schaefer et al., 2023, 2021).
Interestingly, the total PFPeA mass leached from the column was over 100% of the total mass
measured in the original sample. It is possible that this discrepancy in mass balance was due to
precursor transformation, as 6:2 FTS (a known PFPeA precursor) (Yang et al., 2022) was present
at concentrations 10x higher than PFPeA (Schaefer et al., 2022c, 2021).

Initial Equilibrium Simulations
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The rationale for initial equilibrium simulations is presented in SI.3, with the equilibrium
transport equations presented in Equations S.1-S.3. The K, and labile (equilibrium - f) fraction
data were obtained from (Schaefer et al., 2022c¢) and previously unpublished data associated with
that work now presented in SI.5, Figure S.10. Air water interfacial partitioning coefficients (Kis)
values were obtained from (Stults et al., 2023) using the mean effluent concentration as the input
for the concentration term in the poly-parameter quantitative structure property relationship
(ppQSPR). No correction was made for ionic strength as the groundwater fell within the typical
range of environmental ionic strengths, which would results in a change of less than 15%
between 0.001M and 0.1 M Ionic Strength (Stults et al., 2023).

In the initial equilibrium simulations, it assumed that only the labile mass fraction (f) is
desorbed throughout the course of the experiments. In plain language, the labile mass is assumed
to be at equilibrium while the non-labile fraction (1-f) is apparently (or, effectively) irreversibly
adsorbed to the solid surface (air-water interfacial adsorption is assumed to be reversible and
non-hysteretic). In practice PFAS are likely not irreversibly adsorbed, but rather have such slow
desorption rates that adsorption appears irreversible over the 52-day experimental period. Results
of the porewater concentrations predictions are presented in Figure 3a-b, input data for the
equilibrium model is presented in Table 2, and the cumulative mass flux predictions are

presented in Figure S.13.

Table 2: The input parameters for the initial Equilibrium HYDRUS models and mass balance calculations

Compound | Initial Mass (ng/g) | Labile Fraction (f) | Labile Mass (ng/g) | Ki (cm®/g) Kia (cm)
PFBS 25.3 0.26 6.6 5.6 9.44E-04
PFPeS 53.4 0.51 27.2 5.7 2.50E-03
PFHxS 1012.1 0.4 404.8 5.6 3.67E-03
PFOS 2590.2 0.23 595.7 6.9 3.94E-02
PFPeA 3.2 0.71 2.3 1.3 1.23E-03
PFOA 35.2 0.53 18.7 2.2 4.34E-02
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Figure 2: Equilibrium simulations of PFAS leaching data from the calibrated HYDRUS (dashed line) model and the Freundlich
mass balance model (solid line) from the measured outflow and estimated water content data. Leaching data points are averages
of concentrations measured from duplicate experiments and error bars represent the standard deviation of concentration between
two experiments. Blue lines indicate rainfall events.

Both the total mass flux (Figure S.13) and the late time concentrations (see late time data
of 20-60 days) are well predicted within a factor of 3 by both the mass balance model and the
equilibrium HYDRUS model for all components except PFBS and PFPeA. These findings
suggest that in the long term (greater than 50 days in this case), equilibrium averaging models
may be able to capture total mass leaching of PFAS from the vadose zone assuming there is
sufficient calibration and transport data for the field site. PFBS total mass flux is underpredicted
by the mass balance model is potentially because the non-labile mass fraction is overestimated.
PFPeA was likely impacted by precursor transformation (as noted by the cumulative mass
increasing to over 100% in Figure S.11) and thus also suffered from incomplete mass balance
information. This finding is consistent with the presence of known PFPeA precursor (6:2 FTS) at

concentration 10x higher than PFPeA (Yang et al., 2022). Importantly, simplistic mass balance
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calculations were in excellent agreement with HYDRUS predictions (Figures 2 and S.13),
suggesting at field sites which can be simulated using equilibrium partitioning processes may not
require comprehensive leaching models to effectively assess PFAS loading to the groundwater.

Neither the water flux calibrated HYDRUS model nor the mass balance model
adequately captures trends in concentration associated with PFAS. All equilibrium models
predict that PFAS porewater concentrations should remain relatively constant over time with
small decreases in porewater concentration associated with excessive drying periods. This is
contrary to the theory of evapoconcentration, which would suggest that decreased porewater
saturation should result in higher concentrations of PFAS in bulk porewater. This apparent
contradiction in model results can be explained by the formation of air-water interfaces in the
column with decreasing water content within the pore space, which strongly retain PFAS.
Evapoconcentration effects would not appear in the eluate results either, as samples only eluate
samples collected during major rainfall events, thus negating the evapoconcentration effect,
could be analyzed. It is unclear whether PFAS retained at the air-water interface will be readily
extracted by field lysimeter techniques, resulting in elevated porewater concentrations measured
at vadose zone sites. However, this does suggest that air-water interfacial formation and collapse
will be important determinants of PFAS porewater concentration in the vadose zone.
Inversion Based Identification of Non-Equilibrium Transport Mechanisms

Model inversion of the three (Freundlich AWIA, no AWIA, linear AWIA) two-site
kinetic models were implemented for each of the six PFAS components (18 total models). The
goodness of fit was assessed using AIC weights with the R? provided as a supplementary
goodness of fit measure. The summary of goodness of fit data for each model are presented in

Table 3 and full model inversion results are presented in Tables S.6-8.
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Table 3 Summary of the goodness of fit terms. The bolded items have a high wAIC confidence (WAIC > 0.9) for the model
appropriateness. Because R? values are not optimized for non-linear problems, we prefer to rely on the AIC/wAIC metric for
evaluating best fit of various models.

Fit Criteria

Model Component R2 AIC wAIC
PFPeA 0.170 -93.4 0.54
PFOA 0.003 -93.8 0.00
Model 1 PFBS 0.506 -104.2 0.91
(Freundlich AWIA) | PFPeS 0.289 -88.9 0.00
PFHxS 0.484 48.3 0.00
PFOS 0.400 -40 0.92
PFPeA 0.011 -91.7 0.23
PFOA 0.154 -98.3 0.00
Model 2 (No PFBS 0.268 -97.8 0.04
AWIA) PFPeS 0.676 -114 0.03
PFHxS 0.519 -52.5 1.00
PFOS 0.009 -6.6 0.00
PFPeA 0.021 -91.7 0.23
PFOA 0.607 -112 1.00
Model 3 (Linear | PFBS 0.289 -98.3 0.05
AWIA) PFPeS 0.791 -121 0.97
PFHxS 0.558 -36.1 0.00
PFOS 0.321 -35.1 0.08

The three alternative models had mixed performance across several PFAS, with Model 2
(no AWIA) performing comparatively well for all PFAS except PFOS and PFOA. This finding
demonstrates that rate-limited desorption from solids is likely a much more important
determinant of leaching behavior for short chain PFAS than air-water interfacial partitioning. In
particular, Model 2 was best able to capture the anomalous leaching behavior of PFHxS, which
experienced a sharp drop in concentration over the third rainfall event followed by steady
increase in concentration with the 4™ and 5" event. Model performance for the components with
the highest air-water interfacial partitioning (PFOS and PFOA) were split, with Model 1
(Freundlich) significantly outperforming Model 3 (Langmuir) for PFOS, and vice versa for

PFOA. Model 3 generally had the highest average R? values, but AIC results were generally
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mixed between models. These discrepancies may be attributable to rate-limited desorption from
air-water interfaces (Stults et al., 2023), competitive adsorption to air-water interfaces (Abraham
et al., 2022; Guo et al., 2023), anomalous adsorption to air-water interfaces (Zhang and Guo,
2024), or other non-Fickian processes (Hasan et al., 2019; Stults et al., 2021; Zeng and Guo,
2023) which could not be investigated with HYDRUS or using the data in this dataset. To better
understand how solid desorption and air-water interfacial collapse drive PFAS leaching behavior,
optimized Models 1 and 3 are plotted against the measured effluent data for the PFAAs in Figure

3.
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Figure 3a-b: (a-top) Model inversion results for PESAs for models 1 & 3. (b-bot) Model inversion results for
PFCAs for models 1 & 3. Blue lines at the base of the figure represent rain events.

Model 1 and Model 3 showed distinctly different leaching behavior (Figure 3), while
Model 2 & Model 3 were very similar for every component except PFOS & PFOA (Figure S.14).

Model 1 and Model 3 show spikes in concentration during the wetting pulses due to the collapse



475  of air-water interfaces in the porous media. Contrary to what was suggested by the wAIC values,

476  only Model 1 and Model 3 have relatively similar predictions for PFOS .

477 Because of the high degree of uncertainty related to mixture effects, and uncertainty

478  regarding rate-limited or anomalous air-water interfacial partitioning, both the mass transfer rates
479  and f values should be considered order of magnitude approximations of what may be

480  empirically measured. PFPeA concentrations were significantly under predicted by the model
481  likely due to precursor transformation (Figures S.11-S.12), and thus none of the proposed model
482  performed very well in simulating PFPeA transport. The long chain PFOS and PFOA predictions
483  show very distinct behaviors despite being the most hydrophobic and air-water interfacially

484  active of the two components. This is potentially due to mixture effects at the air-water interface,
485  wherein PFOS adsorption to the interface may reduce the number of sites available for PFOA

486  and other short chain components (Guo et al., 2023).

487 Short chain PFAAs and PFOA were rapidly released during the first and second rain
488  events respectively. These results are highly dynamic and suggest that site competition effects
489  may be present in this system for the solid phase (Pifieiro et al., 2001). This is supported by the
490  inverse parameter estimation results, which predict the best estimations of PFAA transport

491  require less than 1% of all sites as equilibrium adsorption sites (Tables S.6-8). While only six
492  PFAAs had sufficient data quality to justify an attempt at modelling these complex and highly
493  dynamic systems, this AFFF impacted soil is known to have dozens of other PFAS (PFAAs as
494  well as PFAA precursors) present in the mixture (Maizel et al., 2021; Schaefer et al., 2021).
495  Adsorption site competition effectively lowers the apparent solid and air-water interfacial

496  partitioning coefficients for less strongly adsorbed components when present in mixtures. This

497  effect of multi-component mixtures on adsorption to the air-water interface has been quantified
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with modeling (Guo et al., 2023) and experimentally (Abraham et al., 2022; Huang et al., 2022;
Lyu et al., 2022). Site adsorption competition to the solid interface has not been measured to the
best of our knowledge, but is predicted to occur at high total PFAS concentrations based on the
theory of the extend (multi-component) Langmuir isotherm (Pifieiro et al., 2001). Other possible
explanations for the highly dynamic leaching include anomalous adsorption to thin films in the
media during wetting and drying cycles (Zhang and Guo, 2024), and that the column may not
have been uniformly loaded despite the best efforts to achieve uniform soil distributions in the

column.
Sensitivity Analysis of Initial Conditions, Equilibrium Mass Fraction, and Rate Limitation

Because the highly dynamic nature of these columns and the flexible nature of parameter
inversion, a sensitivity analysis was conducted to determine the impact of initial conditions
specification and the two parameters estimated via inversion [(f) and (ox)]. PFPeS and PFOS
were selected for sensitivity analysis based on their representativeness of components which
were weakly adsorbed to air-water interfaces and strongly adsorbed to air-water interfaces
respectively. PFPeS sensitivity analysis was conducted at with two labile mass fraction values (f
=0, 0.01), four rate-limited desorption values (ax= le-2, le-4, 1e-6, 1e-8 min™'), with and
without air-water interfacial adsorption, and considering mass that was initially at equilibrium vs.
mass that was not initially at equilibrium and defined explicitly based on the labile mass fraction
values. The Ks and Ki, defined in Table 2 were used for the PFPeS simulations. A Freundlich
1sotherm was used for all sensitivity analysis simulations to provide significantly different
comparison to sensitivity without air-water interfacial adsorption. Note that all inversions-based

models assumed that the non-equilibrium and equilibrium phases were initially at equilibrium.
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The input values for the sensitivity analysis are presented in Table 3 and results are presented in

Figure 4a-h.

Table 3: Information on the input parameters for the PFPeS sensitivity analysis. For simulations where PFAS mass was initially

at equilibrium with all domains the total concentration of PFAS mass in the system could be specified for HYDRUS. For

simulations where initial equilibrium was not assumed total equilibrium concentration and the kinetically adsorbed concentration

needed to be assumed.

Total Total Eq. | Kinetic | Kaw [cm | Ba[-] Kd
Conc. Conc. Conc. /(ng/mL) [cm3/g]

Case f(-) ok (1/min) | (ng/g) (ng/mL) (ng/g) 35

Not at le-2, le-4,

Equilibrium 0| le-6,1e-8 | na 0.00 5341

Initially le-2, le-4,

Equilibrium 0| le-6, 1e-8 53.41 | n.a. n.a. 0.0084 0.65 5.7

Not at le-2, le-4,

Equilibrium | 0.01 | 1e-6, le-8 | n.a 0.53 52.88

Initially le-2, le-4,

Equilibrium | 0.01 | le-6, le-8 53.41 | na. n.a.

Not at le-2, le-4,

Equilibrium 0] le-6, 1e-8 | n.a 0.00 53.41

Initally le-2, le-4,

Equilibrium 0 | le-6, 1e-8 53.41 | n.a. n.a. 0 1 5.7

Not at le-2, le-4,

Equilibrium | 0.01 | 1e-6, 1e-8 | n.a 0.53 52.88

Initally le-2, le-4,

Equilibrium | 0.01 | le-6, 1e-8 53.41 | n.a. n.a.

f1is the fraction of equilibrium adsorption sites and labile mass, Kaw is the Freundlich air-water interfacial partitioning coefficent,

Bais the Freundlich non-linearity term for the air-water interfacial partitioning coefficient
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Figure 4a-h: From left to right and top to bottom: (a) PFPeS simulations using the Freundlich isotherm for air-water interfacial
partitioning with 0% equilibrium sites; (b) PFPeS simulations using with no air-water interfacial partitioning with 0% equilibrium
sites; (c) PFPeS simulations using the Freundlich isotherm for air-water interfacial partitioning with 0% equilibrium sites and
mass initially at equilibrium; (d) PFPeS simulations using with no air-water interfacial partitioning with 0% equilibrium sites and
mass initially at equilibrium; (e) PFPeS simulations using the Freundlich isotherm for air-water interfacial partitioning with 1%
equilibrium sites; (f) PFPeS simulations using with no air-water interfacial partitioning with 1% equilibrium sites; (g) PFPeS
simulations using the Freundlich isotherm for air-water interfacial partitioning with 1% equilibrium sites and mass initially at
equilibrium; (h) PFPeS simulations using with no air-water interfacial partitioning with 1% equilibrium sites and mass initially at
equilibrium.

Results from the sensitivity analysis show that the assumption of initial equilibrium and
non-equilibrium phases can significantly alter the results for components with significant rate
limitations (ox <0.0001 1/min). These results also demonstrate the despite poorer performance of
the Freundlich isotherm for PFPeS in the inversion data, the Freundlich isotherm can still
produce reasonable simulations of PFPeS leaching under highly dynamic conditions. We also
demonstrate that treating even a small fraction (1%) of sites as equilibrium vs. entirely non-
equilibrium can drastically alter the results of both simulations. Based on the sensitivity analysis
and results from numerical inversion (Tables S.6-8), it appears that much of the dynamic
leaching observed in the early stages of the experiment is driven by a small portion of

equilibrium mass rapidly being released form the column in the first wetting event, followed by a
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slowly desorbed rate limited mass fraction controlling the later time behavior. The most
appropriate rate limited constant was the red line representing a rate limitation of 1e-6 min™,
which is in good agreement with a rate limited desorption coefficient of 5 e-6 min"! measured in
previous studies on this soil (Schaefer et al., 2021). The difference between the simulations
which considered air-water interfacial partitioning and those that did not were small but
noticeable in this sensitivity analysis. This in good agreement with mass distribution calculations
for the initial conditions, which predict that approximately 3% of the total mass is initially
adsorbed to air-water interfaces, and 1% of the mass is in the aqueous phase. Contrary to what
was predicted by numerical inversion, the simulations which consider the Freundlich isotherm

for the air-water interface and initial equilibrium appear to give reasonable estimates of the

trends of PFPeS elution profiles.

Because it was observed that setting the equilibrium and non-equilibrium solute mass to
initially be at equilibrium produced significantly different results from explicitly defining the
mass in each compartment, it was decided to simulate PFOS sensitivity results initially not at
equilibrium. It was theorized that the slow increase in PFOS mass observed during the first two
rain events was likely the result of significant rate limitation, invalidating the assumption of
initial equilibrium between the non-equilibrium and equilibrium adsorption sites. The full form
of the Freundlich isotherm was used for the PFOS simulations as it was observed that the
Freundlich isotherm had higher performance than other models for PFOS. Results of the PFOS

sensitivity analysis are presented in Table 4 and figures 5a-h.



569 Table 4: Information on the input parameters for the PFPeS sensitivity analysis.

Total Eq. Kinetic Kaw [cm Bal-1 | Kd
ak Conc. Conc. /(ng/mL) [em¥/g]
Case f(-) | /min) | (ng/g) (ng/g) ]
Not at le-2, le-4,
Equilibrium 0| le-6, 1e-8 0.00 2590
Not at le-2, le-4,
Equilibrium | 0.01 | le-6, 1e-8 26 2564 0.3 0.65 6.9
Not at le-2, le-4,
Equilibrium | 0.1 | le-6, le-8 259 2331
Not at le-2, le-4,
Equilibrium | 0.9 | le-6, 1e-8 2331 259
Not at le-2, le-4,
Equilibrium 0| le-6, 1e-8 0.00 2590
Not at le-2, le-4,
Equilibrium | 0.01 | le-6, 1e-8 26 2564 0 1 6.9
Not at le-2, le-4,
Equilibrium | 0.1 | le-6, le-8 259 2331
Not at le-2, le-4,
Equilibrium | 0.9 | le-6, le-8 2331 259
570 fis the fraction of equilibrium adsorption sites and labile mass, Kaw is the Freundlich air-water interfacial partitioning coefficent,
571 fa is the Freundlich non-linearity term for the air-water interfacial partitioning coefficient.
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572 L
573 Figure 5a-h: From left to right and top to bottom: (a) PFOS simulations using the Freundlich isotherm for air-water interfacial
574 partitioning with 0% equilibrium sites; (b) PFOS simulations using with no air-water interfacial partitioning with 0% equilibrium
575 sites; (¢) PF)S simulations using the Freundlich isotherm for air-water interfacial partitioning with 1% equilibrium sites; (d)
576 PFOS simulations using with no air-water interfacial partitioning with 1% equilibrium sites; (¢) PFOS simulations using the
577 Freundlich isotherm for air-water interfacial partitioning with 10% equilibrium sites; (f) PFOS simulations using with no air-

578 water interfacial partitioning with 10% equilibrium sites; (g) PFOS simulations using the Freundlich isotherm for air-water
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interfacial partitioning with 90% equilibrium sites; (h) PFOS simulations using with no air-water interfacial partitioning with
90% equilibrium sites.

Figure 5 demonstrates that the full Freundlich isotherm for air-water interfacial
adsorption coupled with strictly defined mass distributions between the equilibrium and non-
equilibrium phases can accurately quantify PFAS leaching. At low equilibrium mass fractions,
each model is very sensitive to the value of the rate-limited desorption term. As the equilibrium
mass fraction increases, the solutions all naturally converge on one another as the equilibrium
partitioning begins to dominate any rate limited desorption effects for strongly retained PFAS.
The solutions demonstrate that simulation with an equilibrium mass fraction of 1% with a
moderate to high rate-limitation of 1e-6 to 1e-8 min™! produce simulation results which are most
well correlated with observed values. This is in excellent agreement with prior results, which the
rate limited coefficient of desorption is around Se-7 min™! (Schaefer et al, 2021, 2022¢). For both
PFOS and PFPeS sensitivity analysis the fraction of equilibrium mass that is most likely was
around 1% or less (Tables S.6-8). This is much less than the fraction of equilibrium mass
measured for saturated systems in (Schaefer et al., 2021), suggesting there may kinetically
limited air water interfaces (Stults et al., 2023) or that non-Fickian, rate-limited transport is
increasingly important at lower saturations (Hasan et al., 2019; Stults et al., 2021; Zeng and Guo,
2023). The degree of correlation between the simulation results of different rate-limitation
coefficients increases as the fraction of equilibrium, showing how rate-limitation impacts are not
observable in simulation with high degrees of equilibrium adsorption sites. In the numerical
inversion results the coefficient of co-correlation between f and ox was very low (0.05-0.2),
suggesting the predicted low equilibrium adsorption sites fraction is not an artifact of simulation
but a real phenomenon. Because of the extreme sensitivity to the specified initial conditions, it

appears the simulation of rate limited desorption from soils is an ill-posed inverse problem.
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Conclusions

Equilibrium models of leaching which consider labile and non-labile mass fractions were
able to estimate the total mass released from column systems using simplified mass balance
models and equilibrium partitioning data determined in laboratory settings (Schaefer et al., 2021;
Stults et al., 2023). This is consistent with modelling studies which suggest water flux and
equilibrium partitioning can capture the long term (> 50 days) behavior of PFAS in the vadose
zone (Wallis et al., 2022; Zeng and Guo, 2023). However, equilibrium models performed poorly
with respect to predicting column effluent porewater concentrations, demonstrating that
equilibrium partitioning models do not fully capture the desorption mechanisms of PFAS from
historically impacted soils. A conceptual model was developed which incorporated the concepts
of labile (equilibrium) and non-labile (non-equilibrium) PFAS mass as well as rate-limited
desorption from soils (Schaefer et al., 2021). The behavior of short chain PFAS leaching appears
to be primarily controlled by the effect of rate-limited desorption from soil and precursor
transformation, with air-water interfacial partitioning playing a less pronounced role in the
observed desorption behavior. The amount of labile vs. non-labile mass also appears to plays an
important role in the behavior of PFAS leaching from soils. The impact of AWIA on transport
was very important for describing longer chain PFAA leaching from soils (PFOA, PFOS). While
the results of this modelling are not conclusive evidence supporting the Freundlich or Langmuir
isotherm, all the modelling results emphasize that air-water interfacial collapse is an important
mechanism controlling the leaching of PFAS. The Freundlich model which considered
significant rate limitation was able to able to accurately capture PFOS behavior, while the
Langmuir model was able to more accurately capture PFOA behavior via inversion. It is not

clear why there is a discrepancy in model estimation between these two well-studied PFAS, but
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it is likely that mixture effects play a significant role in controlling the air-water interfacial
partitioning behavior for this system (Guo et al., 2023). Equilibrium models were able to obtain
reasonable estimations of long-term mass flux and concentrations for some PFAS when the non-
labile mass fraction was considered. This suggests the need for full numerical simulation of
air-water interfacial collapse and rate limited desorption may be project or site specific. We also
note that dual-equilibrium desorption models are an alternative to modelling rate-limited
desorption from soils without the need for explicit rate limitation constants (Chen et al., 2002;

Kan et al., 1997).

A great deal of uncertainty still exists with respect to the mechanisms of PFAS desorption
from historically impacted soils. None of the models presented herein allowed for rate-limited
mass transfer from air-water interfacial domains. Recent pore scale modelling evidence has
suggested that in drier soils this rate-limited mass transfer from air-water interfaces could affect
PFAS desorption (Ben-Noah et al., 2023; Chen and Guo, 2023; Hasan et al., 2019). The model
presented here-in also could not be fully validated due limitations with HYDRUS. The two-site
kinetic limitation model is advantageous because of its simplicity relative to other non-Fickian
transport models (TOSD, MRMT), but does not fully elucidate why mass transfer is so
dramatically different between PFAS. Initial evidence suggests aqueous diffusivity plays a role
in determining the mass transfer coefficient (Schaefer et al., 2021), supporting the application of
an MRMT or MIM based model. Other significant uncertainties in this work relate to the impact
of hysteresis on flow and air-water interfacial areas (Schaefer et al., 2000; Zhuang et al., 2017)
and the effect of anomalous adsorption to thin film interfaces (Zhang and Guo, 2024). Because
of these modeling uncertainties, it may be advantageous for site managers to implement

equilibrium models partitioning at field sites where inherent uncertainty compounds the effect of
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modelling uncertainty. Equilibrium models likely cannot predict large releases from discrete
storm events but appear to give a reasonable assessment of long-term leaching potential under

controlled conditions.
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