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Abstract

Per- and polyfluoroalkyl substances (PFASs) have attracted attention for their
widespread occurrence in the environment, combined with their high mobil-
ity and bioaccumulation potential. PFASs deposited on land surfaces are first
transported through the unsaturated zone, where adsorption to both solid-
water interfaces (SWIs) and air-water interfaces (AWIs) is expected to occur.
In order to ensure that the concentration of PFAS in drinking water wells is
sufficiently low to comply with strict regulations, a thorough understanding
of these transport processes in the subsurface is necessary. This study uses an
analytical solution to the advection-dispersion equation to perform numer-
ical simulations of the transport of PFAS in the unsaturated zone in Dutch
soils, under average Dutch climate conditions. The results show that the
leaching of PFAS is fastest for short chained PFASs, and decreases in transport
velocity with increasing chain length. For short chained PFASs the retard-
ation factor is small (average per simulated soil for TFA: R = 1.05 to 1.34),
and the transport velocity is mostly similar to the water velocity. For long
chained PFASs the retardation factor is large (average per simulated soil for
PFDA: R = 33.3 to 645), and the transport velocity is mostly governed by
sorption, especially to AWIs, but also to SWIs. The results also show that
the leaching of long chained PFAS from the unsaturated zone is relatively
faster in clayey soils, which have the highest water saturation, and therefore
the smallest air-water interfacial area (Aaw). Most important uncertainties
remain in the value ofAaw due to a lack of measurements in Dutch soils, but
also due to the steady-state approach of this study which does not account
for temporal variability in water saturation and consequently in the value of
Aaw. Another source of uncertainty regarding the expected breakthrough
and concentration in drinking water wells is the lack of data in the historical
use and deposition of PFASs in the Netherlands.
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Chapter 1

Introduction

Per- and polyfluoroalkyl substances (PFASs) are synthetic substances that were first
designed in the 1930s and 1940s for their chemical stability and their influence on
surface tension (Krafft & Riess, 2015). The surface-active properties are caused by
the contrast between the hydrophobic tail of CFx groups and the hydrophilic head
of the molecule. These substances are used in a wide variety of applications, such
as fire-fighting foams, lubricants, and water- and oil repellent coatings. Significant
volumes are released into the environment, both through direct release from fire-
fighting foams, and through indirect losses during the use and disposal of consumer
goods. (Paul et al., 2008)

Due to their widespread application and high mobility, PFAS are found in
all compartments of the environment, even in remote locations such as the po-
lar regions (Alfaro Garcia et al., 2022). They have attracted attention for their
bioaccumulation potential, and several PFASs are included in a risk assessment
by the European Food Safety Authority (EFSA) that advises a tolerable weekly in-
take of only 4.4ng/kgbodyweight (EFSA Panel on Contaminants in the Food Chain
et al., 2020). In order to compare the risk of different PFASs, the National Institute
for Public Health and the Environment (RIVM) in the Netherlands has developed
a relative potential factor (RPF) comparing the toxicity of each PFAS to that of
perfluorooctanoic acid (PFOA) (Bil et al., 2020). By multiplying the concentration
of each PFAS by their respective RPF, a PFOA equivalent concentration (PEQ)
is obtained. The RIVM has determined a provisional limit for drinking water
of 4.4ng PEQ/L for the summed concentrations of PFASs. 10% of all samples
from drinking water sourced from groundwater in the Netherlands contain PFASs
exceeding this provisional limit (Van der Aa et al., 2022).

In order to ensure that the concentration of PFAS in groundwater wells for
drinking water production is sufficiently low to comply with such strict regulations,
a thorough understanding of the transport processes in the subsurface is necessary.
PFASs deposited on land surfaces are transported through the unsaturated zone
to the groundwater. The collection and analysis of high resolution soil moisture
samples is both difficult and expensive, making direct observations of the transport
of PFASs in the subsurface infeasible. Therefore, the understanding of the processes
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1. Introduction

is based on models (De Gruijter et al., 2006). To design meaningful laboratory
and field experiments for validation of these models, it is necessary to understand
the influence of each model parameter on the model outputs, such that these
parameters can be accounted for in the experiments.

1.1 Transport of PFAS in the unsaturated zone

The vertical flow of water in the unsaturated zone is described using Darcy’s equa-
tion:

q = −Krel
∂h

∂z
, (1.1)

where q is the infiltration flux, Krel is the relative hydraulic conductivity, and ∂h
∂z is

the pressure gradient in the vertical direction. Krel is a function of the soil moisture
content, often described using the Van Genuchten-Mualem model (Vereecken
et al., 2010):

Krel(S) = Ks S
λ
w

[
1−

(
1− S

n/(n−1)
w

)(
1−1/n

)]2
, (1.2)

where Ks is the saturated hydraulic conductivity, λ and n are shape parameters,
and Sw is the effective saturation as a fraction of the range between the residual
and saturated soil moisture content (θr and θs, respectively):

Sw =
θ− θr

θs − θr
=

[
1− |αh|n

]−m , (1.3)

where α is the inverse of the air entry value, andm is another shape parameter,
defined asm = 1− 1/n. (Vereecken et al., 2010)

Solute transport in the unsaturated zone is a combination of advection with
the water flow, hydrodynamic dispersion and diffusion, sorption, and chemical
reactions. Due to the chemical stability of PFASs, the reaction termcanbe discarded.
Sorption to the SWIs is important for PFASs, especially to organic matter (Fabregat-
Palau et al., 2021; Le et al., 2021). On top of that PFASs are also sorbed to air-water
interfaces (AWIs), due to the contrast between the hydrophobic tail of CFx groups
and the hydrophilic head of the molecule. (Guo et al., 2020; Silva et al., 2021; Silva
et al., 2022).

Adsorption of PFASs to solid-water interfaces is governed by the same equations
as for conventional soil contaminations:

Cs = Kd

(
Caq

)
· Caq, (1.4)

with Kd

(
Caq

)
representing the adsorption isotherm as a function of the aqueous

concentrationCaq. Sorption to theAWIs follows an equation similar to Equation 1.4

2



1.1. Transport of PFAS in the unsaturated zone

(see also Appendix B), with the exception that theAaw per unit volume of soil has
to be included explicitly:

Caw = Aaw(θ) · Γaw(Caq) = Aaw(θ) · Kaw(Caq) · Caq. (1.5)

Determining the Aaw is a difficult task, with different measurement techniques
resulting in different values (Brusseau & Guo, 2021; Silva et al., 2022). Estimating
Aaw is possible using the Leverett thermodynamic model (LTM) (Guo et al., 2022;
Leverett, 1941):

Aaw =
φ

σ

∫ 1
Sw

pc(Sw) dSw , (1.6)

withφ the porosity, σ the surface tension of water, and pc the capillary pressure at
effective saturation Sw. The estimates from the LTM do not match measurements
of Aaw, especially for soils with a large fraction of fine grains, which can in part
be explained by the surface roughness of soil particles (Jiang et al., 2020; Silva et
al., 2022). Empirical values for the Surface Roughness Multiplier (SRM) required to
fit the measurements are in the order of magnitude of 3 to 4 for natural soils (Guo
et al., 2022; Silva et al., 2022), although the values reported by Silva et al. (2022) are
not reproducible using the method described in their paper (see also Appendix C).

In contrast to SWIs, where different soil minerals and organic matter each have
their own sorption isotherms, AWIs are characterized by a single type of sorption
site, which makes adsorption to AWIs follow a single Langmuir isotherm (Guo
et al., 2022; Rosen, 2004; Langmuir, 1918):

Caw = Aaw · Γmax ·
κaw

1+ κawCaq
· Caq, (1.7)

where Γmax is themaximumsurface excess concentration, andκaw is the equilibrium
constant. As the gas phase provides space for the hydrophobic tail of the PFAS
molecules to extend out from the water (Krafft & Riess, 2015), the affinity of various
PFASs with the AWI is largely determined by the hydrophobicity of that tail, and
thus the number of CFx groups in the molecule, relative to the hydrophilicity of
the head group (Le et al., 2021). As the surface becomes more saturated with PFAS
molecules, the electrostatic repulsion between the hydrophilic heads increases.
However, in the presence of other dissolved ions in the pore water, this repulsion
is decreased, thus increasing Γmax (Rosen, 2004).

Combining the partitioning coefficients for both the solid phase and AWI sorp-
tion results in a single retardation factor similar to those calculated for conventional
advective flow (Guo et al., 2022):

R = 1+
ρb Kd

θ
+

AawKaw

θ
= 1+ Rs + Raw. (1.8)

The transport equations can be solved using numerical solvers, which discretize
the model domain in space and time, and solve the equations for each discrete step.

3



1. Introduction

The major advantage of numerical modelling is the flexibility in the discretization,
which allows for variations in the model parameters along all model dimensions.
This also means that the setup of such models is relatively complex. For PFAS
transport in the unsaturated zone an extension to the HYDRUS model code was
developed (Silva et al., 2019).

Alternatively, analytical solutions can be used to solve the transport equations.
These solutions are based on assumptions of boundary conditions and initial
conditions, and are therefore only valid for specific conditions. This does leave a
relatively simple model, which requires less input data than a numerical model,
and is often faster to run. Guo et al. (2022) developed an analytical solution for
PFAS transport in the unsaturated zone.

Most of the work on PFAS transport in the unsaturated zone has been done on
laboratory sands such as Accusand, and on American soils (e.g. Guo et al., 2022;
Silva et al., 2019). These soils typically contain very little organic matter (Wang et
al., 2021). Dutch soils on the other hand are usually richer in organicmatter (Heinen
et al., 2020). Also, the groundwater recharge flux in the Netherlands is larger than
in the US: where Guo et al. (2022) uses a recharge flux of 240mm/year, the Dutch
average recharge is 300mm/year (Massop et al., 2005). The goal of this research is
to investigate the leaching behaviour of PFASs in the Dutch model soils from the
Staring series (Heinen et al., 2020). The focus is on dilute concentrations in the
order of magnitude of the limits as specified in the drinking water regulations.
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Chapter 2

Methods

To describe the leaching behaviour of PFASs in the vadose zone the analyticalmodel
by Guo et al. (2022) was selected. This was done because themodel source code was
available as Python scripts, and provides sufficient flexibility for the research. The
analytical solution to the transport equations assumes only steady-state vertical
flow with a unit gradient in a semi-infinite unsaturated zone; instantaneous linear
equilibrium sorption to air-water interfaces; optionally kinetic, reversible linear
sorption to solid-water interfaces; and a pulse injection of PFAS.

As the model code by Guo et al. (2022) does no validation of unit compatibility,
a wrapper was written that makes use of the pint package for Python (Grecco, 2022).
This wrapping code also groups related parameters into containers, in a way that
allows for easy exchange of the main components, such as running the same
simulation with different PFASs or different sorption models (Figure 2.1). The
source code for this wrapper is available online (Lapré, 2023).

Using this model code, numerical experiments were done simulating soil
columns that contain a single soil from the Staring series (Heinen et al., 2020), in
which a single PFAS was injected for 25 year at a constant rate of 300mm/year,
equal to the average groundwater recharge in TheNetherlands (Massop et al., 2005),
and a constant concentration of 1 pmol/L, after which the soil was flushed with
clean water for another 225 year to assess how long different soils leach to the
groundwater after the input is stopped. This was then done for all combinations of
the 18 bottom soil classes from the Staring series and Accusand as a reference, and
12 different PFAS compounds (Table 2.1). The PFAS compounds were selected based
on the availability of their physical and chemical properties in the literature, such
as Fabregat-Palau et al. (2021) and Guo et al. (2022), or the attention they receive in
the media, such as trifluoroacetic acid (TFA) and hexafluoropropylene oxide dimer
acid (HFPO-DA). The concentration of 1 pmol/L corresponds to approximately
10% of the drinking water limit for PFOA, and approximately equal to the drinking
water limit for perfluorononanoic acid (PFNA) and perfluorodecanoic acid (PFDA),
which have an RPF of 10 (Bil et al., 2020, Table 2.1).

The soil parameters of the Dutch soils were taken from the Staring series
(Heinen et al., 2020), which describes the soil water retention curves using the
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2. Methods
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Figure 2.1: Overview of the main modules in the PFAS simulation code. Each
PFAS and soil is simulated using a single module, and different sorption models
are available for the sorption to AWIs and SWIs. Each module can be interchanged
with another module of the same type to simulate different PFASs or different
sorption models.

Van Genuchten parameters, as well as the saturated and residual water content,
saturated hydraulic conductivity, and ranges for the fractions of organic matter,
loam (d < 50 µm), and clay (d < 2 µm). The Staring series is divided into topsoil
and bottom soil classes, which cover the depth ranges of 0 cm to 20 cm and 20 cm
to 120 cm, respectively. As the model by Guo et al. (2022) assumes a homogeneous,
semi-infinite soil, only the soil classes for the bottom soils where selected. The soil
bulk density, ρb, is required for calculating the retardation (Equation 1.8). Poelman
(1974) established a model for estimating the density of Dutch soils from the soil
composition using the following equation:

ρb = (1− φ)
(
1.47 · foc + 2.88 · fc + 2.66 · (1− foc − fc)

)
, (2.1)

where φ is the porosity, foc is the fraction of organic carbon, and fc is the fraction
of clay.

The soil water content was determined using the Van Genuchten soil water
retention curves, by equating the average groundwater recharge of 300mm/year to
the relative hydraulic conductivity, which is possible because of the unit gradient
assumption by Guo et al. (2022), and solving Equations 1.1, 1.2 and 1.3 for θ. Then a
beta distribution of the effective saturation was constructed with the mean at the
calculated Sw, and a variance of (0.05 ∗ Sw)2, to simulate a small range of values
near the expected water content.
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2. Methods

The approach for moddeling the adsorption at solid-water interfaces (SWIs)
is taken from the paper by Fabregat-Palau et al. (2021), using the measured values
when available, and otherwise estimated using the model developed in that study.
This uses the fraction of organic carbon in the soil, foc, and the combined fractions
of silt and clay, fs + fc, to estimate the total partitioning coefficient based on the
length of the CFx chain:

Kd = Koc + Ksc = 10
(
0.41·nCFx−0.70

)
· foc + 10

(
0.32·nCFx−1.70

)
· (fs + fc) . (2.2)

This model assumes no sorption to either sand minerals or metal oxides. The
separate values for Koc and Ksc also allows the calculation of separate retardation
factors for the organic carbon and the soil minerals using Equation 1.8

Rs = Roc + Rsc (2.3)

Roc =
ρbKoc

θ
(2.4)

Rsc =
ρbKsc

θ
(2.5)

Sorption at the air-water interfaces (AWIs) requires estimates for the air-water
interfacial area (Aaw), and for the partitioning coefficient (Kaw). TheAaw is estim-
ated using the Leverett thermodynamic model (LTM) (Equation 1.6) as measure-
ments are not available for the soils in the Staring series. To compensate for the
underestimation of the surface area, the Surface Roughness Multiplier (SRM), as
proposed by Silva et al. (2022), was considered. However, closer inspection of the
substantiation of that model learned that it is unable to producemeaningful results
(see Appendix C for more information). Lacking data to fit a better model, the
only plausible value in the literature, of 4.15 for Vinton soil from Guo et al. (2022),
was used for all simulations. The affinity with the AWIs was estimated using the
group contribution model by Le et al. (2021). As the model code by Guo et al. (2022)
assumes linear sorption, the partitioning coefficient was linearized using the time
averaged input concentration, Caq, as an estimate for the average concentration,
resulting in the following equation (derived from Equations 1.5 and 1.7):

Kaw =
Caw

AawCaq
= Γmax ·

κaw

1+ κawCaq
(2.6)

Dispersion was estimated using the model by Xu and Eckstein (1995):

αL = 0.83(log10 L)2.414, (2.7)

whereαL is the longitudinal dispersivity in meter, and L is the characteristic length
of the soil in meter. In this study the focus is on the top 1m of the soil, but as
this relationship is only valid for L > 1m, the characteristic length was fixed at
L = 2m, and therefore αL ≈ 4.5 cm. For many PFASs no diffusivity is available

8



(Table 2.1), therefore a linear regression was used to estimate the diffusivity based
on the number of CFx groups in the molecule:

D0 = 10
(
−4.536−0.1088·nCFx

)
. (2.8)

For each column 300 simulationswere runwith randomcombinations of foc, fs,
fc, and the jittered θ values, as well as a simulation with themean parameterization
for that soil class. For each simulation the variable input parameters were recorded,
as well as intermediate results, such as Aaw, Kd, Kaw, and the retardation factor,
R. Also, the concentration of the PFAS over time at a depth of z = 1m, and the
total mass of PFAS adsorbed to AWIs and SWIs in the interval 0m 6 z 6 1mwere
recorded as a function of time.
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Chapter 3

Results

3.1 Model parameters

The Staring series soils are classified by the fractions of silt, clay, and organic carbon
(Figure 3.1), and in case of the sandy soils also by the grain size distribution. The
sandy soils O01 to O04 are characterized by fine sands (median grain sizes,M50:
105 µm to 210 µm), increasing amounts of silt, no clay, and at most 3% organic
carbon. Soil O05 represents coarse sand (M50: 210 µm to 2000 µm) with no silt or
clay. Soil O06 is boulder clay with up to 50% silt and a wide range of sand particle
sizes (M50: 50 µm to 2000 µm), and soil O07 is brook clay that contains 33% to
50% silt and very fine sand particles (M50: 50 µm to 150 µm).

The loamy and clayey soils contain no silt, but an increasing fraction of clay
(Figure 3.1b), from 8% to 12% in loamy sand (O08) to 50% to 100% in clay (O13),
and at most 3% organic carbon. The silt soils (O14 and O15) contain a large amount
of silt (Figure 3.1a), but no clay and at most 3% organic carbon. Finally, the peat
soils contain no silt or clay, but a large fraction of organic carbon, up to 100%
(Figure 3.1c). Peaty sand (O18) is a special case of the peaty soils, containing both a
large fraction of sand, and a large fraction of organic carbon.

In order to determine the available air-water interfacial area (Aaw) in the soil it
is first necessary to determine the effective soil saturation at the given recharge rate.
Sandy soils are typically the least saturated at q = 300mm/year (see Figure 3.2a),
with the coarse sand (O05) saturated at 20% to 27% of the maximum water satura-
tion. The loamy soils (O08 – O10) show a transition to higher saturations, towards
clayey soils that are nearly fully water saturated to sustain the same discharge. The
silt soils (O14 and O15) show a similar trend, with the O14 soil being less satur-
ated, more alike the sandy soils, while the O15 soil is more saturated, more alike
the loamy soils, which correlates with silt content of these two soils (Figure 3.1a).
Finally, the peat soils O16 and O17 are similarly saturated at this recharge rate due
to similar composition and Van Genuchten parameters, while the peat soil O18
contains more sand, and is therefore less saturated.

The Aaw is then calculated from the water saturation using the LTM. In the
sandy soilsAaw ≈ 500 cm2/cm3 (Figure 3.2b), which is the result of the relatively low
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3. Results

(a) Silt content, fs

(b) Clay content, fc

(c) Organic carbon content, foc

Figure 3.1: Soil composition of the Staring soils.
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3.1. Model parameters

(a) Distribution of the effective saturation for the different soil types. The dark dots above
and below the whiskers indicate extreme values, which are caused by the jittered values
for θ. For Accusand no distribution is available on the distributions of the soil properties
and therefore only the mean effective saturation is shown.

(b) Distribution of the air-water interfacial area for the different Staring soil types. The
dark dots above and below the whiskers indicate extreme values.

Figure 3.2: Effective saturation and air-water interfacial area of the Staring soils.
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effective water saturation. For soil O05, theAaw shows a very narrow distribution,
which is means this soil type is insensitive to changes in the effective water satura-
tion in the range of saturations considered. The loamy soils have a similarAaw to
the sandy soils, with a transition to the clayey soils, for whichAaw ≈ 0 cm2/cm3,
as these soils are close to their maximum water saturation. The silty soil O14 has a
large spread in the estimatedAaw, in the range of 1000 cm2/cm3 to 1800 cm2/cm3,
while soil O15 has amuch smallerAaw at approximately 50 cm2/cm3 to 250 cm2/cm3.
The peaty soils O16 andO17 have a slightly smallerAaw than the sandy soils, around
250 cm2/cm3, while the peat soil O18 has a similarAaw to the silty soil O14.

The affinity of PFASs with the AWIs is different for each PFAS, and is parameter-
ized in the partitioning coefficient Kaw. The partitioning coefficients are calculated
using the PFAS properties, such as the length of the CFx tail, and the type of active
head. TFA shows the least affinity with AWIs, meaning its tail is less hydrophobic
compared to the hydrophilicity of its head (Figure 3.3a). For longer PFASs, the
partitioning coefficient increases, meaning the hydrophobicity of the tail increases
up to PFDA, which has the largest affinity with the AWIs of the PFASs considered.
The sulfonic acids have a larger affinity with the AWIs than the carbonic acids
with the same number of carbon atoms (compare perfluorobutane sulfonic acid
(PFBS) and perfluorobutanoic acid (PFBA)), because in the sulfonic acids all carbon
atoms are fluorized, while in the carbonic acids the last carbon atom is part of
the carbonic acid head. An outlier from this trend is HFPO-DA, which has 5 CFx
groups, but a shorter effective chain length because it is a dimer of two shorter
chains.

The partitioning coefficient for sorption to the solid phase, Kd, depends on the
soil composition, as well as the type of PFAS under consideration (Equation 2.2).
When aggregated per soil, the values for Kd span multiple orders of magnitude
(Figure 3.3b), with the smallest values in Coarse sand (O05), which contains no
fine particles, and very little organic matter. The largest Kd values are observed
in peat soils O16 and O17, as these soils consist almost entirely of organic matter,
and the Koc of most PFASs is one or two orders of magnitude larger than the Ksc

(Table 2.1).
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3.1. Model parameters

(a) Distribution of the air-water partitioning coefficients for the considered PFASs.

(b) Distribution of the solid-water partitioning coefficients for the Staring soils.

Figure 3.3: Partitioning coefficients from the water phase to AWIs and SWIs.

15



3. Results

3.2 Retardation

The retardation factor calculated from Equation 1.8 shows that long chains, such
as perfluorooctane sulfonic acid (PFOS) and PFDA are retarded more than shorter
chained PFAS compounds, such as TFA and PFBA (Figure 3.4). For example, when
looking at the soil type O05, the retardation factor of TFA (with a tail length of 1)
is approximately 1.15 and of PFBA (tail length of 3) is 1.87, while PFASs with a tail
length of 8, PFOS and PFNA, have a retardation factor of 471 and 344, respectively.

Similarly, PFASs with sulfonic acid as the active group show more retardation
than those with the same carbon chain length but carbonic acid as the active group,
compare for example PFBA and PFBS, or PFOA and PFOS. As mentioned before
regarding the air-water partitioning coefficient, Kaw, this is because in case of the
carbonic acid one carbon atom is part of the COOH group, and not part of the
hydrophobic CFx tail. For short tailed PFASs this most notably affects the Roc,
with values of 0.86 and 3.44 for PFBA and PFBS on sandy soil O05, respectively,
although the Raw increases from 8.9× 10−3 to 0.32 for the same PFASs. For longer
tailed PFASs the difference in Roc and Raw is more similar, again comparing in
Staring soil O05, PFOA and PFOS have an Roc 32.4 and 189, respectively, and an
Raw of 21.7 and 281.

As the soils in Figure 3.4 are sorted by the total retardation of PFOA, a number of
patterns can be observed in the retardation in different types of soils. For example,
the clay soils have the least retardation for all different PFASs, and virtually no
retardation by air-water interfaces, with the Raw of PFDA in clay soil O12 being
0.50, or 3% of the total retardation in that soil. The loamy soils show a similar
amount of retardation as the clay soils for the shorter PFASs, but because theAaw

is larger in the loamy soils, the retardation by air-water interfaces is larger than in
the clay soils for longer tailed PFASs.

Based on the spread of the retardation factors, TFA, perfluorohexanoic acid
(PFHxA), PFOA and PFDA were selected for further analysis with respect to differ-
ent PFAS, while soil classes O05 (sand), O12 (clay), O15 (silt) and O18 (peat) were
selected for the comparison of different soils in order to get a balanced distribution
of different soil classes.
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3.2. Retardation

Figure 3.4: Mean retardation factors for all combinations of PFASs and Staring
soils. Each bar shows the retardation factor in a soil, with colours representing the
cause of retardation. The plots for the different PFASs are sorted in columns by
the mean retardation of that PFAS (note the different horizontal scales for each
column), and the soils within the plot are sorted by the mean retardation for PFOA.
The colours of the background represent the soil class, labelled on the right.
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3.3 Breakthrough curves

The breakthrough curves of TFA show that the peak concentration is reached faster
in sandy soils than in clay soils (Figure 3.5), with the retardation in the clayey and
peaty soils entirely caused by sorption to solids. There is no noticeable sorption of
TFA to the AWIs in any of the soils. This also results in the time to breakthrough
at z = 1m for TFA to be determined by the water velocity in the soil.

For PFHxA the curves show a similar pattern, albeit with a slight amount of
sorption to AWIs, and more adsorption to solid-water interfaces. Most notably,
the breakthrough curve for PFHxA in the peat soil (O18) is retarded significantly,
with the peak concentration only reached after approximately 30 year, which is
caused by sorption to SWIs. In the other soils the SWIs and AWIs are saturated
within 10 year, which can be seen as a horizontal line in the accumulation on SWIs.

For PFOA, retardation starts to affect the breakthrough in all soils considered,
with the Sandy clay (O12) leaching marginally faster than the coarse sand (O05).
The Sandy peat (O18) shows themost retardation due to sorption to both solids and
AWIs. Initially all PFOA in soil O18 is adsorbed to either the SWI or AWI, which is
visible in the linear increase in the accumulation, and the sum of the accumulation
on SWI and AWI at t = 25 year being 1.

Finally, for PFDA, the adsorption in the Sandy peat (O18) is so strong that virtu-
ally no PFDA leaches within 250 year after the contamination input period starts.
Leaching of PFDA from the Silt loam (O15) and Coarse sand (O05) is approximately
equally fast. However, in the loamy soil this is almost entirely due to sorption to
solids, while in the coarse sand this is largely due to the adsorption to AWIs, which
means the patterns in the breakthrough curves alone cannot give information on
the processes behind the retardation.

The breakthrough curves determined with multiple realizations of the soil
composition from the Staring series distributions show that for the larger retarda-
tion factors the bandwidth of potential breakthrough curves increases (Figure 3.6).
Note that Accusand is missing from this comparison because it is a synthetic soil
with a fixed composition.

In the peaty sand (O18) the breakthrough curves show the largest bandwidths
compared to the other soils, although for PFDA there is no leaching in any of the
simulations. In the coarse sand (O05) the bandwidths are smaller, but for PFOA
it shows that in a large fraction of the simulations the peak is reached within the
25 year contamination input period, even though the mean parameterization pre-
dicts the peak is reached after 30 year. The silt loam (O15) shows similar behaviour
to the coarse sand, although in this case all PFOA simulations show the peak later
than 25 year. The clayey sand (O12) shows the smallest bandwidths in the time to
peak concentration in the breakthrough curves for all PFASs considered. However,
the bandwidth in the peak concentration itself is largest for PFDA in soil O12,
showing a range between 0.4 pmol/L to 0.8 pmol/L.

The bandwidth in the times to peak concentration, and the bandwidth in the

18



3.3. Breakthrough curves

Figure 3.5: Accumulation of PFAS in the top 1m of the soil over time, of which
adsorbed to air-water interfaces (top row), and to solid-water interfaces (middle
row), and breakthrough curves at a depth of z = 1m (bottom row).

peak concentrations themselves is visualized in Figure 3.7. The distributions are
centred around the peak of the reference simulation with the mean parameters
(orange lines in Figure 3.6), and cover the 95%Highest Probability Density Interval
(HPDI) of the distribution.

For TFA the adsorption sites are saturated within 25 year for all simulations,
which is visible in the height of theHPDI in the peak concentration being 0 pmol/L.
The contamination reaches a depth of 1mat first in sandy soils, then silt, clay, loam,
and finally peat soils. Peaty sand (O18) leaches faster than the other peat soils
(O16 – O17), because the hydraulic conductivity of the peaty sand is higher, and
as discussed before, TFA shows very little sorption to any of the soils. The largest
bandwidth in the time to peak is seen in the peaty soils, in the order of 3 year, while
the smallest bandwidths are in the sandy soils, of approximately 1 year.

For PFHxA the pattern is the same, although in peat soils the retardation is suf-
ficient to lower the peak concentration below 1 pmol/L. Also, the transport in the
loamy and peaty soils is retarded enough to increase the time to peak concentration
until after the 25 year contamination input period.

In the simulations of PFOA transport the peak concentration is not reached
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3. Results

Figure 3.6: Bandwidth in breakthrough curves from multiple simulations with
varying soil composition and water content. Note that Accusand is not included as
it is a synthetic soil with a fixed composition.
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3.3. Breakthrough curves

Figure 3.7: Distribution of time to peak concentration and peak concentration of
four PFASs in all soils from the Staring series

within the 25 year contamination period for any of the Staring soils, but for most
soils before 50 year. Notable exceptions are the peat soils (O16 – O18) and Loam
(O14), with the peaty sand (O18) stretching up to 130 year to reach the peak con-
centration.

With PFDA the leaching behaviour is clearly separated in 3 clusters. First of all
the clayey soils O10 – O13 arrive within a 50 year to 130 year period. After that the
sandy and loamy soils, as well as the silt loam (O15), arrive in the window of 90 year
to 250 year. Finally, the peaty soils and loam (O14) arrive later than approximately
240 year, although the peaty sand (O18) never peaks within 250 year.
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Chapter 4

Discussion

4.1 Sorption to air-water interfaces

4.1.1 Interfacial area

The total amount of sorption to air-water interfaces (AWIs) depends directly on the
amount of air-water interfacial area (Aaw) available, but at the same time there are
no validated measurements of these values in Dutch soils. Therefore, the values
forAaw are estimated using the Leverett thermodynamic model (LTM) multiplied
by a roughness multiplier (SRM). The SRM used in this study is purely based on
the reported value of 4.15 in Guo et al. (2022), and in that case the value is the
average over different measurements on a specific soil at different saturation levels.
From Equation 1.5 and Equation 1.8 it follows that the contribution of the SRM to
the total retardation is linear. In cases such as the retardation of PFDA in Staring
soil O05, the current model predicts 70.9% of the total retardation to be due to
sorption to AWIs. However, if the multiplier is reduced by a factor of 0.5 to 2.075,
the contribution of the air-water sorption is reduced to 55.0%.

4.1.2 Water saturation

This study only considered a recharge rate of 300mm/year, which is the average
recharge rate in theNetherlands. At lower recharge rates, and thus lower saturation,
several Dutch soils show a large increase inAaw according to the LTM (Figure 4.1),
much larger than Accusand. The Coarse sand (O05) shows themost similar trend to
Accusand, but the other Staring soils show a much larger increase inAaw towards
lower recharge rates. This is caused by the larger porosity of the Staring soils
combined with finer soil textures, which results in a larger maximumAaw. This is
consistent with the findings of (Silva et al., 2022), who argued that theAaw in finer
textured soils is larger than in coarser soils, but also that the SRM increases for
finer soils and broader distributions of particle sizes. That would mean that the
differences in theAaw between the Staring soils is even larger than what is shown
in Figure 4.1.
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Figure 4.1: Comparison of theAaw for the selected Staring soils at different recharge
rates (SRM = 4.15). Note that at the same recharge rate the saturation is different
for the different soils (see also Figure 3.2).

To improve the estimates a better model for theAaw is therefore required, that
takes into account the roughness of the soil particles. This is especially important at
low water saturation where the water film follows the surfaces of the soil particles
(Jiang et al., 2020; Silva et al., 2022), and thus in the sandy soils that are on average
less saturated than finer grained soils. Silva et al. (2022) proposed a model to
estimate the roughness multiplier, but that paper was found to be not reproducible
(see also Appendix C). The authors claim the relationship between the Soil Surface
Roughness Factor (SRF) and the Surface Fractal Dimension (Ds) is linear, but do not
report the correlation coefficient, which turns out to be close to 0. They then claim
to use that slope for extrapolation of the relationship between the SRM and SRF,
but the equation they report cannot reproduce the values presented in the paper,
nor does it show how the slope from the SRF-Ds relationship is incorporated.
However, the idea of using the Ds to estimate the SRM as hinted on by Silva
et al. (2022) is interesting, as there is a relationship between the Van Genuchten
parameters and theDs (Ghanbarian et al., 2021). If a proper relationship between
the SRM and theDs and water saturation is found, the SRM could be estimated
from the Van Genuchten parameters directly when no measurements of theAaw

are available. In order to construct such a model, more measurements in different
soils and under varying soil moisture conditions are required.

4.1.3 Temporal emission profiles

Over the past decade PFOS and PFOA have been prohibited from use in industrial
applications, and they are now being replaced by the shorter chained PFASs PFBS
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and HFPO-DA, respectively (U.S. EPA, 2022a; U.S. EPA, 2022b). For the PFASs
shorter than PFOA (tail length of 7 CFx) the effect of AWI sorption is less import-
ant than for the longer chains (Figure 3.4). Therefore, even though PFOA and
PFOS were deposited further in the past, their replacements will experience less
retardation, and thus reach the groundwater faster. Compounds that have been
deposited sequentially might therefore reach the groundwater in a different order.
In order to provide more accurate predictions of future PFAS concentrations in the
groundwater, it is therefore important to gather more information on historical
and current deposition rates of PFASs, as well as on the source locations of these
contaminations.

4.2 Sorption to solid-water interfaces

4.2.1 Sorption mechanisms

The model for the partitioning of PFAS to solid-water interfaces (SWIs) is based on
the amount of organic matter and fine mineral fraction. However, no distinction
is made between different causes for adsorption. Adsorption could take place by
electrostatic sorption, in which the ionic head of the molecule attaches to the soil
particles and the tail directed towards the pore water. Alternatively, the hydro-
phobic tail could sorb to the soil particles, with the ionic head directed into the
water, similar to the sorption at AWIs (Jiang et al., 2020). From field studies it
is known that several PFASs can be effectively removed from solution using Ion
Exchange reactors, which rely on electrostatic sorption (Pannu & Plumlee, 2021).
For these reactors, adsorption is more or less irreversible unless a concentrated
electrolytic solution is used for regeneration. If irreversible sorption to solids is
present in natural soils, the current model overestimates the leaching, or under-
estimates retardation to the solid phase, specifically for soils with relatively high
silt or clay contents. Batch experiments with different soil minerals and PFASs are
required to determine which sorption processes are dominant on natural soils, and
to what extent the adsorption is reversible.

4.2.2 Branched PFASs

The model by Fabregat-Palau et al. (2021) estimates the partitioning coefficient
for the organic carbon and mineral fractions purely based on the number of CFx
groups in the PFAS molecule. However, in the model by Le et al. (2021) for the
sorption to AWIs a larger number of features of the molecule is taken into account,
which appears to be especially important for branched PFASs, such as HFPO-DA.
From the Kaw for HFPO-DA compared to the unbranched PFASs in Figure 3.3a
it appears that either the hydrophobicity of the tail of these molecules is lower
compared to its hydrophilic head than in a PFHxA molecule, an unbranched PFAS
with the same number of CFx groups, or the surface area occupied by a molecule of
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HFPO-DA on the interface is larger, resulting in a lower Γmax (Rosen, 2004). In both
cases it would mean that HFPO-DA would be even more mobile than currently
estimated.

4.2.3 Peat soils

Sorption to peaty soils is estimated to be relatively large compared to sandy soils
due to the carbon content of up to 100%. It is unlikely that the results presented
in this study are representative of the PFAS leaching in such soils. Apart from the
high organic carbon content, the unsaturated zone in these soils is kept artificially
as small as possible to prevent peat from oxidizing and causing land subsidence
(Querner et al., 2012), thus leading to a higher water saturation and smaller a
Aaw. Moreover, peat soils tend to swell and shrink with changes in water sat-
uration (Camporese et al., 2006), and thus the assumption in the calculation of
the partitioning coefficient that the interfacial area is constant is invalid (see also
Appendix B).

4.2.4 Saturated zone

Sorption to SWIs is not only relevant in the unsaturated zone, but also in the
saturated zone. As the PFAS compounds are transported towards the groundwater,
the water saturation of the soil increases, and thus theAaw decreases. This means
that sorption to SWIs gains in importance compared to AWIs, and in the saturated
zone the PFAS compounds are only retarded by sorption to SWIs. Therefore,
improved understanding of the sorption of PFASs to the solid phase will improve
models of PFAS transport in the saturated zone as well.

In the case of drinking water supply a large part of the residence time in the
subsurface is spent in the saturated zone. Thus, even though adsorption to AWIs
is the dominant retardation mechanism in the unsaturated zone for longer PFASs,
and affects the time it takes for the compounds to reach the groundwater, it is the
sorption to SWIs that determines the concentrations in the extraction wells for
drinking water supply.

4.3 Steady state modelling

The retardation of PFAS compounds by sorption to AWIs depends on the saturation
(Figure 4.1), and it is thus to be expected that transport of PFAS compounds is non-
linear with variations in the recharge flux. The screening model used in this study
assumes steady state flow, and therefore does not take into account the effect of
variable saturation on the sorption. During peaks in precipitation soils can become
temporarily saturated, which removes the sorption to AWIs entirely. On the other
hand, during drier periods theAaw increases (Figure 4.1) and porewater can become
stagnant, which will increase the retardation.
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According to KNMI (2023b), on 73% of the days the precipitation in De Bilt,
The Netherlands, is less than the daily mean precipitation, which suggests that
the effect of sorption to AWIs could be larger than currently estimated. Due to
the higher porosity of clay soils, the maximumAaw is higher for clay soils than for
sand soils (Figure 4.1). This is amplified by the potential of clay soils to form cracks
when drying (Vogel et al., 2005), which is not included in the LTM. This also means
that under very dry conditions the effect of sorption to AWIs in clay soils is larger
than in sand soils, but at the same time preferential flow paths could lead to faster
leaching. At the same time, peaks in precipitation on clay soils can lead to overland
flow and thus reduce the actual recharge.

At this point it is not clear whether temporary saturation or prolonged drier
periods have a stronger effect on the average leaching rate of PFAS compounds
in the unsaturated zone, especially when combined with heterogeneities in the
soil (see also section 4.4). Also, hysteresis causes different water saturation levels
during drainage and imbibition, which according to Chen et al. (2007) should be
modelled by including theAaw itself in the calculation of the soil water retention
curves. To investigate this, it is recommended to construct 2Dmodels of the unsat-
urated zone that include the effect of variable precipitation. It is also necessary to
perform column experiments with different soil types under varying soil moisture
conditions for validation of the model results.

4.4 Natural soils

The analytical solution employed in this study assumes a semi-infinite unsaturated
zone of a single soil type. However, natural soils in the Netherlands are stratified
into layers, with the Staring series representing building blocks for these individual
layers to build up a representation of a natural soil (Heinen et al., 2020). When these
materials are stacked, especially under transient flow conditions, the transition
between these materials can strongly affect the hydraulic conditions, with perched
water due to differences in the soil water retention curves, and thus affect the
transport of PFASs.

Clay soils can have very low hydraulic conductivity, yet in the Staring series
the lowest hydraulic conductivity is estimated at 1.08 cm/d or 3.94× 103mm/year
for the Sandy clay (O12). One possible explanation is that the saturated hydraulic
conductivity in Heinen et al. (2020) is fitted on the geometric average of multiple
soil water retention curves and the corresponding unsaturated hydraulic conduct-
ivity curves, and thus extrapolated from the data. As a consequence, these soils
might in reality not be able to sustain a continuous discharge of 300mm/year. The
saturation of these soils is most likely close to saturation, as modelled in this study,
but the actual flow velocity would be lower than predicted. This means that it is
plausible that leaching from clayey soils is not faster than from sandy soils, but
further research is required.
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Coastal dunes are an important source of drinking water in the Western parts
of the Netherlands. However, the well sorted sands in these dunes are not well
represented by any of the building blocks in the Staring series (Verburg, 1995).
PFAS compounds are found to be enriched in sea spray aerosols, which are then
deposited on the dunes (Sha et al., 2021). At this point there is insufficient data to
assess the leaching behaviour in these dunes, and therefore further research into
both the transport of water, and that of PFASs in coastal dunes is required.

Finally, Rosen (2004) states that the partitioning of PFAS compounds between
the water phase and AWIs is likely to increase with decreasing temperature, al-
though no model exists to estimate the magnitude of that increase. This is because
at lower temperatures the thermal motion of PFASs is reduced, which reduces
the surface area occupied by a single molecule at the interface, thus increasing
the number of sorption sites. As most measurements of the Kaw of PFASs are
performed at room temperature, in the range of 20 °C to 25 °C, and the average
soil temperature in De Bilt is 11.1 °C (KNMI, 2023a), the Kaw values in this research
are possibly underestimated. To ensure that future laboratory measurements of
the sorption characteristics of PFASs are representative of the field conditions,
it is recommended to perform these measurements at a lower temperature, or
at the very minimum assess the differences in these characteristics at different
temperatures.

4.5 Comparison to measurements

Data fromWintersen et al. (2021) suggests that PFOA leaches faster than estimated
in this study, with concentrations up to 10ng/L or 24 pmol/L at a depth of 25m.
Results from this study suggests PFOA is transported at most 1

25 m/year (Figure 3.7),
so it would take at least 625 year to reach that depth while PFOAwas only produced
since 1949 (Paul et al., 2008). This is likely due to a combination of factors, including
a stronger vertical gradient in the piezometric head which increases the advection,
but also a higher water content towards the groundwater fringe due to capillary
effects, whereby the retardation by AWIs decreases with depth. Furthermore,
heterogeneities can cause preferential flow paths, which in turn can speed up PFAS
transport, although depending on the scale of the model compared to the scale of
these preferential flow paths, the latter are partially captured in the dispersivity of
the soil. Therefore, even under steady state flow conditions, the PFAS advection
will increase.

In another study, the Dutch national railways (NS) investigated the concentra-
tion of PFASs in the soils on their properties potentially influenced by atmospheric
deposition from nearby waste processing plants (Verschragen, 2019). Samples were
taken at approximately 0 cm to 20 cm and 20 cm to 50 cm depth, and analysed for
PFAS concentrations. In these measurements mainly PFBA, PFOA and PFOS were
found.
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The measurements show that in one location the concentrations of PFOA and
PFOS are higher in the deeper samples than in the shallower samples (location B
in Table 4.1), while the concentration of the shorter chained PFBA was found to
be higher in the shallower samples. If we assume that the hydraulic parameters
are the same for all PFASs, and that the PFASs were introduced at the same time,
this would suggest that the shorter chained PFASs are transported slower than
the longer chained PFASs. However, even if the absolute values of the retardation
factors for the different compounds as estimated in this research are not correct,
it is unlikely that the retardation of PFBA is higher than that of PFOA or PFOS
(Fabregat-Palau et al., 2021; Le et al., 2021). It is therefore likely that the shorter
chained PFASs were introduced at a later time, which is also consistent with the
observation that PFOA and PFOS, once prohibited, were replaced with shorter
chained alternatives (U.S. EPA, 2022a; U.S. EPA, 2022b).

Location Od in Table 4.1 shows higher concentrations of all three PFASs in the
shallower samples than in the deeper samples, aswell as different ratios between the
PFASs, showing that the composition of the groundwater recharge varies not only
in time but also in space. It should be noted that all these values are based on a single
sampling, and therefore do not provide information on the temporal variability at
these locations, or the reproducibility of the measurements. This further obviates
the need for investigation of historical deposition profiles in different regions of
the Netherlands.

Table 4.1 also shows that the measured foc is higher than for the bottom soils
in the Staring series (Figure 3.1), which contain up to 3% organic carbon, and more
like the topsoils of the Staring series, which contain up to 15% organic carbon
(Heinen et al., 2020). This does conflict with the assumption in the Staring series
that the high values of foc only occur in the top 20 cm of the soil, but this could
also be caused by the fact that in built-up areas most of the soils are altered by
human activities. At these high organic carbon contents the retardation of PFASs
is expected to be stronger than what is used in the current research. The data for
location Od also shows that the foc can vary over small depth intervals, with the

Table 4.1: Comparison of the measured concentrations of PFASs at two of the NS
locations. The concentrations of PFOA and PFOS are the sum of branched and
linear isomers.

Location Depth / PFBA / PFOA / PFOS / foc /
code cm µg/kgds µg/kgds µg/kgds %

B 0–20 0.13 0.25 0.38 5.0
B 20–50 0.11 0.35 0.56 5.0
Od 0–20 0.30 1.3 0.72 5.2
Od 20–50 0.12 0.59 0.59 2.5
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foc at 20 cm to 50 cm being less than half of the value at 0 cm to 20 cm.
In a future study, by combining the depth profiles of the PFASs concentra-

tions for each location, and assuming the same hydraulic parameters for each
profile, some more information can be obtained about the historical input of the
different PFASs. This does require that sufficient data is available on the sorption
characteristics of the PFASs in the soil at that location.
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Chapter 5

Conclusion

The numerical experiments of the leaching behaviour of PFASs in Dutch sandy
soils showmany similarities with the results from previous work on American soils.
In general, it can be concluded that the shorter the PFAS molecule, the faster it
will leach from the soil, due to less sorption to both the AWIs and SWIs. Also, the
leaching of long chained PFAS compounds (longer than PFOA, tail length of 7)
from clay soils is expected to be faster than from the sandy soils, due to the high
water saturation of the clay and resulting smallAaw. The leaching from soils with
high organic carbon contents, such as peaty soils, is expected to be slowest, due to
the large partitioning coefficients associated with the sorption of PFASs to organic
matter.

The sorption of PFAS compounds to the AWI was found to be a significant
factor in the retardation of PFASs with a tail length longer than that of PFOA in
the unsaturated zone, especially in the sandy and loamy soils. The exact amount
of retardation depends on the Aaw in the soil, but measurements in Dutch soils
are not available. The LTM provides a method to estimate the Aaw from soil
water retention curves, but depending on the soil composition the estimated
Aaw deviates significantly from measurements, and therefore needs an additional
Surface Roughness Multiplier (SRM), to correct this. Currently, no model exists
that can be used to estimate theAaw in Dutch soils. It is therefore recommended
to gather data on theAaw in the Dutch soils, and to use this data to try to develop
a model for the relationship between the soil moisture retention curves andAaw.

Because the Dutch soils are richer in organic matter on average, leaching is
expected to be slower than from their American counterparts. However, current
models for the sorption of PFAS compounds to the SWI do not take into account
the complex molecular structure of the PFASs, or different sorption processes on
natural soils, such as the sorption tometal oxides togetherwith significant amounts
of organic matter. Measurements of the sorption of PFASs to the different minerals
and organicmatter inDutch soils are required to developmore completemodels for
the sorption to SWIs. This would also improve the understanding of the sorption,
and thus transport, of PFASs in the saturated zone.

In this research the transport of PFAS compounds is modelled in steady state,
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5. Conclusion

but since soil water retention curves are non-linear and as a result theAaw is non-
linear as well, it is unclear whether the results are representative for the actual
transport in the unsaturated zone. Also, the model does not take into account the
effect of layers of different soil materials, which is expected to have a significant
effect on the transport of PFASs in natural soils. A first step to improve on this
would be to use a 2Dmodel to simulate variations in precipitation and the resulting
variations in the soil moisture conditions, which should also be validated using
column experiments.

Currently, no data is available to validate the results of this study directly. How-
ever, data from other studies suggest that the leaching of PFAS compounds to the
groundwater can be significantly faster than what is estimated from this study. In
order to validate the results of this study, it is recommended to perform column
experiments with Dutch soils, but in order to improve estimated future concen-
trations in the groundwater, it is also necessary to gather data on the historical
deposition rates of PFASs in the Netherlands.
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Appendix A

Model parameters

A.1 Soil composition

Figure A.1: Distribution of the silt content of the different Staring soils.

Figure A.2: Distribution of the clay content of the different Staring soils.
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A. Model parameters

Figure A.3: Distribution of the organic matter content of the different Staring soils.

A.2 Soil water content

Figure A.4: Distribution of the water content of the different Staring soils.

Figure A.5: Distribution of the effective water saturation of the different Staring
soils.
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A.3. Derived parameters

A.3 Derived parameters

Figure A.6: Distribution of the bulk density of the different Staring soils.

Figure A.7: Distribution of the water velocity of the different Staring soils.

Figure A.8: Distribution of the air-water interfacial area of the different Staring
soils.
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Appendix B

Adsorption from the water phase
to interfaces with solids and air

Adsorption to solid-water interfaces is often described in terms of a partitioning
coefficient, Kd, which represents the ratio between the water dissolved concentra-
tion of a substance and the adsorbed concentration. In contrast, the sorption to
AWIs is described as a function of the surface area per unit volume,Aaw, and the
surface excess concentration, Γ . As shown below, these are equivalent under the
assumption that the specific surface area of the soil remains constant.

In its most generic form adsorption to an interface can be calculated as:

Ci = Ai(θ) · Γi
(
Caq

)
, (B.1)

where Ci is the concentration on the interface in per unit volume of porous me-
dium,Ai is the specific surface area of the porous medium, and Γi is the surface
excess concentration per unit area of interface as a function of the aqueous con-
centration Caq per unit volume of pore water. The surface excess concentration is
the increase in concentration of the substance in the interface compared to the
concentration in the bulk pore water. (Rosen, 2004) Various models for Γi exist,
called isotherms, such as the Freundlich isotherm (Freundlich, 1909):

Γi(Caq) = κi · CN
aq, (B.2)

with a sorption coefficient κi and a shape parameterN. ForN = 1 this reduces to
a linear model. A second model is the Langmuir isotherm, which is derived from
the dynamic equilibrium between adsorption and desorption (Langmuir, 1918):

Γi(Caq) = Γmax
κi · Caq

1+ κi · Caq
, (B.3)

with Γmax the physical maximum surface excess concentration.
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B. Adsorption from the water phase to interfaces with solids and air

B.1 Solid-water interfaces

For solid-water interfaces the surface excess concentration is more commonly
written in terms of the adsorbedmass per unit mass of porous medium, by dividing
the equation for Ci by the bulk density ρb. For most soils the interfacial area is
a constant, and is therefore often included in the partitioning coefficient. This
also means that this simplification is not allowed for peat soils, as these soils tend
to swell and shrink with changing moisture content (Camporese et al., 2006). As
an example, for the Freundlich isotherm the Freundlich isotherm for solid-water
interfacial adsorption becomes (Fetter, 2008):

Cs =
Aiκi
ρb

· CN
aq = KdC

N
aq. (B.4)

Natural soils contain a mixture of different materials, which all have different
adsorption characteristics. In that case the total sorption is a linear combination
of the individual sorption characteristics (Langmuir, 1918):

Cs = Caq

n∑
k

(
fkKk(Caq)

)
, (B.5)

where k..n is the index of the different soil materials, fk is the fraction of soil con-
sisting of material k, and Kk(Caq) is the partitioning coefficient of the material at a
given aqueous concentration. This property can be used to estimate the adsorptive
properties of PFASs using the composition of the soil and partitioning coefficients
of the constituents. These coefficients can be obtained from measurements for
the specific PFAS in the individual soil components (Wang et al., 2021) or by estim-
ating the properties from the molecular structure (Fabregat-Palau et al., 2021; Le
et al., 2021). From these models it is clear that the organic matter has the highest
potential for adsorption, but clay and silt minerals, as well as metal oxides play an
important role in the adsorption of PFAS.

B.2 Air-water interfaces

For AWI the Aaw is heavily dependent on the soil moisture content (Jiang et
al., 2020), and therefore combining the simplification of including the Aaw in
the partitioning coefficient is not valid. Also, as the Langmuir isotherm is based
on the equilibrium between the physical adsorption and desorption rates for a
single type of sorption site; and the AWI contains a single type of sorption site, the
sorption to these interfaces is accurately described by the Langmuir isotherm (Guo
et al., 2022; Langmuir, 1918):

Γaw = Γmax
Keq · Caq

1+ Keq · Caq
(B.6)
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B.3. Environmental conditions

Combining Equation B.1 and Equation B.6 gives Equation 1.5:

Caw = Aaw · Γaw = Aaw · Γmax
Keq · Caq

1+ Keq · Caq
(B.7)

B.3 Environmental conditions

It is important to note that in all isotherms the sorption coefficient κi and the max-
imum surface excess concentration Γmax are presented as constants, while in reality
they are a function of various environmental parameters, such as temperature, pH,
and the concentration of other substances in the pore water. No model exists that
can describe the dependence of κi and Γmax on all these parameters simultaneously.
However, some general notes on the maximum sorption, Γm, are given by Rosen
(2004):

• Γm increases with longer chains of CFx up to a chain length of approximately
10, and beyond a chain length of about 16 it decreases due to coiling of the
chains, which causes the molecules to occupy more surface area.

• Γm increases for ionic PFASs with the addition of electrolyte due to a de-
crease in electrostatic repulsion between the hydrophilic heads in the surface
monolayer.

• Γm decreases with increasing temperature, attributed to increased thermal
motion of the molecules.
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Appendix C

Surface Roughness Multiplier
(SRM)

Silva et al. (2022) comparedmultiplemeasurement techniques aswell as estimations
using the Leverett thermodynamic model (LTM) for the air-water interfacial area.
As the aqueous tracer measurements appear to be most representative of theAaw

available for adsorption, and those measurements in all cases produce higher
values than the estimates from the LTM, they suggest adding a Surface Roughness
Multiplier (SRM) to the LTM to fit the measurements. The suggested method uses
the Soil Surface Roughness Factor (SRF) as a proxy for the roughness of the air-water
interfaces. Silva et al. (2022) suggest to use the slope of the relationship between the
SRF and the Surface Fractal Dimension (Ds) (Ghanbarian et al., 2021) to estimate
the slope of the SRM. The justification for this relationship is to be found in Figure
4a of the paper, reproduced below (Figure C.1a). From this figure it is not clear
there is a strong relationship between the variables, and the corresponding Pearson
correlation coefficient, R2, is not published. When reproducing the figure with the
data from the paper including theR2, it is clear that the relationship is non-existent,
given an R2 = 0.078 (Figure C.1b).

Silva et al. (2022) report that the slope betweenDs and SRF is used to extrapolate
the data for the SRM, which should be shown in Figure 4b of the paper (reproduced
in Figure C.2). In that figure an equation is shown that should describe the SRM.
However, in the paper it is also reported that this model needs to be scaled in order
to get an SRM of 1 for smooth surfaces (SRF = 1), but it is not clear how it is scaled,
or why no factor is included in the equation in the first place to accomplish this.
When multiplying the equation in Figure 4b by the factor of 1+2.5

0.0875 = 40, the SRM
at SRF = 1 is indeed 1, but at SRF = 1000 the SRM is still only 1.4 and not close to
3.4, as suggested by Figure C.2.

Silva et al. (2022) include values for the SRM in Table 2 (Figure C.4) of their
paper. These values cannot be reproduced from the proposed model in the paper.
However, the plotted relationship in Figure C.2 strongly resembles a logarithmic
model instead of the reported linearmodel. Plotting the values fromTable 2 against
the natural logarithm of the SRF shows two distinct lines of points (Figure C.3).
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C. Surface Roughness Multiplier (SRM)

(a) Original Figure 4a as published by Silva et al. (2022)

(b) Reproduction including R2

Figure C.1: Relationship between theDs and SRF.
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Figure C.2: Proposed relationship between SRM and SRF (Figure 4b by Silva et al.
(2022)).

The first 6 soils in Figure C.4 are represented by the orange dots, with R2 = 0.972,
and the remaining soils are represented by the blue dots, with R2 = 1, suggesting
that two separate logarithmic models were employed to produce the reported data.
From the paper it is unclear why there should be two distinct lines at all, especially
given the fact that two very similar soils (#6 and #8) are in two different clusters.

Apart from the fact that the proposed model does not fit the data, the paper

Figure C.3: SRM values from Table 2 against the natural logarithm of the SRF.
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C. Surface Roughness Multiplier (SRM)

Figure C.4: Soil properties used to modify the SRM (Table 2 by Silva et al., 2022).
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by Silva et al. (2022) does provide a good overview of the different measurement
techniques and their applicability. Also, the concept of using a model for the
soil roughness to modify the LTM appears to be well justified, unfortunately the
reported model is severely flawed, to the point of uselessness. It is therefore recom-
mended that more measurements are taken of theAaw on a wide range of natural
soils and under different soil moisture conditions, and more research should be
done to find a better model for the SRM.
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Glossary

Aaw: air-water interfacial area.

AWI: air-water interface.

Ds: Surface Fractal Dimension, a measure of the surface roughness of the soil
(Ghanbarian et al., 2021). When Ds = 2 the surface is perfectly smooth,
whileDs = 3 indicates an extremely rough surface.

EFSA: European Food Safety Authority.

HFPO-DA: Hexafluoropropylene oxide dimer acid, a branched PFAS with a tail
length of 5 and carbonic acid as its head.

Chemical formula: CF3(CF2)2 –O–CF(CF3)COOH.

LTM: Leverett thermodynamic model.

PFAS: per- and polyfluoroalkyl substance.

PFBA: Perfluorobutanoic acid, a PFAS with a tail length of 3 and carbonic acid as
its head.

Chemical formula: CF3(CF2)2COOH.

PFBS: Perfluorobutane sulfonic acid, a PFAS with a tail length of 4 and sulfonic
acid as its head.

Chemical formula: CF3(CF2)3SO3H.

PFDA: Perfluorodecanoic acid, a PFAS with a tail length of 9 and carbonic acid as
its head.

Chemical formula: CF3(CF2)8COOH.

PFHpA: Perfluoroheptanoic acid, a PFAS with a tail length of 6 and carbonic acid
as its head.

Chemical formula: CF3(CF2)5COOH.

PFHxA: Perfluorohexanoic acid, a PFAS with a tail length of 5 and carbonic acid
as its head.

Chemical formula: CF3(CF2)4COOH.
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Glossary

PFHxS: Perfluorohexane sulfonic acid, a PFAS with a tail length of 6 and sulfonic
acid as its head.

Chemical formula: CF3(CF2)5SO3H.

PFNA: Perfluorononanoic acid, a PFAS with a tail length of 8 and carbonic acid as
its head.

Chemical formula: CF3(CF2)7COOH.

PFOA: Perfluorooctanoic acid, a PFAS with a tail length of 7 and carbonic acid as
its head.

Chemical formula: CF3(CF2)6COOH.

PFOS: Perfluorooctane sulfonic acid, a PFAS with a tail length of 8 and sulfonic
acid as its head.

Chemical formula: CF3(CF2)7SO3H.

PFPeA: Perfluoropentanoic acid, a PFAS with a tail length of 4 and carbonic acid
as its head.

Chemical formula: CF3(CF2)3COOH.

RIVM: National Institute for Public Health and the Environment.

SRF: Soil Surface Roughness Factor, a measure of the surface roughness of the
soil particles.

SRM: Surface Roughness Multiplier, an empirical factor to compensate for the
underestimation of the air-water surface area by the Leverett thermodynamic
model when compared to measurements in the same soil (Silva et al., 2022).

SWI: solid-water interface.

TFA: Trifluoroacetic acid, a PFAS with a tail length of 1 and carbonic acid as its
head.

Chemical formula: CF3COOH.
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