
Adsorption of PFAAs in the Vadose Zone and Implications for Long-
Term Groundwater Contamination
William R. Gnesda,* Elliot F. Draxler, James Tinjum, and Christopher Zahasky

Cite This: Environ. Sci. Technol. 2022, 56, 16748−16758 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Perfluoroalkyl acids (PFAAs) are persistent environmental
contaminants that sorb to air−water and solid interfaces throughout the
vadose zone. These sorption processes lead to decadal leaching of PFAS from
the source zones to groundwater systems. While these processes are
increasingly well understood, critical gaps exist in describing the vertically
variable adsorption in the presence of vadose zone heterogeneity and methods
for efficiently upscaling the laboratory observations to predict field-scale
PFAA transport and retardation. In this work, we build upon fundamental
theories and scalable relationships to define a semi-analytical framework for
synthesizing and upscaling PFAA adsorption in heterogeneous vadose zone
systems. Solid-phase and air−water interfacial adsorption are quantified
mechanistically for several PFAAs and then applied to a contaminated site in
Northern Wisconsin. The results highlight the dominance of air−water and
organic carbon solid-phase adsorption processes in the vadose zone. Strong sorption heterogeneity�driven by depth-dependent
adsorption mechanisms�produces complex spatially variable retardation profiles. We develop vadose zone retardation potentials to
quantify this field-scale heterogeneity and propose vertical integration methods to upscale spatially resolved information for transport
modeling. This work highlights the importance of accounting for multiscale and multiprocess heterogeneity for accurately describing
and predicting the long-term fate and transport of PFAAs in the subsurface.
KEYWORDS: PFAS, PFAAs, vadose zone, heterogeneity, contaminant transport

■ INTRODUCTION
Per- and poly-fluoroalkyl substances (PFAS) are a broad group
of synthetic contaminants comprising thousands of individual
species that have been shown to be toxic to humans and
ecosystems.1 Perfluoroalkyl acids (PFAAs) are a specific
subgroup of PFAS that contribute to widespread environ-
mental contamination through their use in aqueous firefighting
foams (AFFF),2 leakage of landfill leachate,3 agricultural
application of PFAA-contaminated biosolids,4 and PFAA
production facilities.1 Numerous field investigations have
highlighted PFAA concentrations in excess of the EPA lifetime
health advisory limits decades after the most recent
applications. This observed long-term leaching phenomenon
combined with historic environmental loading has presented
alarming implications for transport between the unsaturated
zone and groundwater.5−8

Many anionic PFAAs of concern possess surface-active
properties, including a tendency to adsorb to fluid−fluid and
fluid−solid interfaces.9,10 The physicochemical properties of
PFAAs driving this behavior are the result of the headgroup
containing an organic functional group, such as a carboxylic or
sulfonic acid, and the fluorinated tail. The hydrogen atom
associated with the functional group readily dissolves in water
creating a negatively charged, hydrophilic headgroup. The

negatively charged headgroup of anionic PFAAs may also drive
electrostatic attraction to the interfaces of solid substrates. In
contrast, the tail end of the PFAA molecule is both
hydrophobic and lipophobic due to the strong electro-
negativity of carbon−fluorine bonds.11 PFAAs also exist in
cationic and zwitterionic forms, which have demonstrated a
strong sorption behavior to soils.10,12−14

A number of mechanisms control the timing of PFAA
transport from surface sources to groundwater systems. PFAAs
sorb to the solid surfaces of soils and sediments, with the
extent of sorption influenced by properties such as pH,15 total
organic carbon (TOC),16 mineral assemblages,17,18 and anion
exchange capacity (AEC).19 PFAA adsorption at air−water
interfaces is a function of the water chemistry, PFAA aqueous
concentration, surface excess20 and the air−water interfacial
area.21 Recently developed models have highlighted the extent
to which air−water interfacial sorption processes dominate the
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timing of PFAS transport through the vadose zone in
homogeneous media.22,23

Approximations of PFAA fate and transport in the
subsurface require the quantification of solid-phase and air−
water adsorption by experimental methods. To quantify solid-
phase adsorption, batch-type and saturated column experi-
ments are commonly performed and analyzed by liquid
chromatography-mass spectrometry (LC-MS/MS).19,24 Cur-
rent approaches to measure PFAA air−water adsorption in
unsaturated porous media consist of interfacial tension-based
approaches,20,25 unsaturated column retardation ap-
proaches,26−29 and batch system mass balance approaches.30

These approaches have demonstrated that adsorption is
dependent upon the affinity of PFAA for organic carbon,
mineral phases, and air−water interfaces; the affinity is further
found to be a function of the PFAA carbon chain length,
functional group, pH, and linear versus branched PFAA
isomers.16,17,29,31 After quantification, the adsorption mecha-
nisms are typically uniformly applied to homogeneous
unsaturated solute transport models.22,23,32−34

Quantifying the PFAA transport in realistic geologic systems
requires approaches that can account for heterogeneous
adsorption and preferential flow pathways that create a
dynamic and complex contaminant transport behavior. To
forecast contaminant migration under complex subsurface
conditions, ensemble-based modeling approaches have been
introduced to account for model and geologic uncer-
tainty.35−37 Implementation of ensemble-based transport
modeling of PFAAs requires running a large number of
models that represent the range of uncertainty and
heterogeneity of hydrogeologic conditions and PFAA
adsorption at a given contaminated site. The computational
limits of running a large number of model realizations warrant
the development of efficient theoretical and numerical
approaches to upscale PFAA adsorption parameters from the
laboratory to the field scale.
The objective of this study is to integrate the PFAA

adsorption theory into a mechanistic framework for estimating
PFAA retardation throughout heterogeneous unsaturated
systems at the field scale. Interfacial tension-based approaches
are used to quantify the air−water adsorption of PFAA species
of different carbon chain lengths and functional groups in
background electrolyte concentrations ranging from 0 to 0.1
molar [M] NaCl, simulating the conservative end members of
rainwater and biosolid effluents, respectively. Soil sample
properties and capillary pressure measurements from a field
site adjacent to the impacted municipal wells in Northern
Wisconsin are used to determine solid-phase adsorption and
quantify the extent of capillary heterogeneity corresponding to
soil−water saturation. The existing models for describing
PFAA adsorption to air−water interfaces and solid phases are
expanded to describe adsorption as a function of water
saturation and height above the water table under hydrostatic
conditions. Using routine site-specific measurements, we
demonstrate a semi-analytical approach for estimating depth-
dependent PFAA retardation in geologically heterogeneous
systems and techniques to simplify vertically variable
adsorption profiles in the vadose zone for efficient
implementation into risk-based modeling schemes.

■ MATERIALS AND METHODS
PFAA Transport Model. The retardation factor, R,

describes the degree to which a solute reacts with phase

boundaries within porous media. With the application of an
appropriate advection−dispersion−reaction equation, the
retardation factor can be used to estimate the speed of a
reactive solute relative to a nonreactive tracer. PFAAs in the
aqueous phase undergo equilibrium adsorption between the
solid-phase and air−water interfaces according to the
equation10,22,23,32,38,39

= + +R
K

S
K A

S
1 d b

w

aw wi

w (1)

Here, the volumetric water content is given in terms of water
saturation (Sw) and porosity (ϕ). The solid-phase adsorption
of PFAA is expressed by the soil−water distribution coefficient
(Kd) and the bulk density of the soil (ρb). The value of Kd is
determined by the sorption potential of both organic carbon
and mineral phases present in the soil. The fraction of organic
carbon contained within soil has been shown to drive PFAA
adsorption onto the solid phase.16,18,19

The retardation of PFAAs due to air−water adsorption
within the vadose zone is represented by the air−water
adsorption coefficient (Kaw) and the air−water interfacial area
(Awi) approximated by relationships between surface tension
and the aqueous concentration in contact with the air−water
interface.10,39,40 At some contaminated vadose zone sites,
several other forms of multiphase retardation may occur for
PFAAs, including air−water partitioning, nonaqueous phase
liquid (NAPL)−water partitioning, and NAPL−air partition-
ing.22 However, co-contamination of PFAAs and NAPL has
not been reported at the field site in this study, and the
magnitudes of air−water and solid-phase adsorption are known
to be the dominant mechanisms, so other forms of retardation
are neglected.26

Solid-Phase Adsorption. The soil−water adsorption
coefficient, Kd, was determined from batch-type experiments
and literature relationships. Batch methods were developed
from previous solid-phase sorption experiments16,19 and
analyzed by LC-MS/MS.41 Briefly, PFAAs with aqueous
concentrations ranging from 0.4 to 270 parts per billion
(ppb) in deionized water and 0.1 M NaCl solution were placed
in contact with the sediment samples and agitated at either 24
or 48 h. After agitation, an aliquot of the liquid was preserved
and analyzed by LC-MS/MS to determine the concentration of
PFAAs remaining in the aqueous phase�no pH adjustments
were applied. Soil-to-solution ratios and adsorption equili-
brium experiments were conducted prior to isotherm
quantification, resulting in the selection of appropriate ratios
and conservative contact times of 24 and 48 h.42 Experiments
were performed with blanks to monitor sorption to containers
and instrument contamination. A full description of the
methods and analysis is provided in the Batch methods and
isotherms section of Supporting Information (SI).

Air−Water Interfacial Adsorption. Adsorption at air−
water interfaces was determined using Freundlich and
Langmuir adsorption models with an interfacial tension-
based approach.20,25 Briefly, the surface tension of individual
PFAA species was measured in ultrapure water and 0.1 M
NaCl solution. The Langmuir−Syszkowski20,44 and Freund-
lich43,45 adsorption equations were then employed to
determine the surface excess and adsorption coefficients at
the air−water interface. Approximations of Awi were derived
from literature relationships described in more detail
below.46,47
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Assuming an ideal behavior of aqueous-phase solutions, the
Gibbs adsorption equation may be employed to describe the
molar mass of PFAAs sorbed at air−water interfaces.20,25,43

The Gibbs adsorption equation is

= *T C
1

ln( ) (2)

Here is the gas constant [mJ mol−1 K−1], T is the
temperature at the time of the measurements [K], and σ is the
surface tension [mN m−1]. The mean ionic activity, C*, is the
surface activity-corrected concentration of PFAAs in the
presence of background counter-ions.
For ionic surfactant solutions containing any background

counter-ions, the measured surface tension of the solution will
be lower than its pure-water counterpart.20,25,43,48,49 These
deviations from ideal surface behavior are difficult to
extrapolate for increasingly dilute PFAA solutions without
correcting for background electrolyte compositions.49 There-
fore, the correction, C*, for PFAAs dissolved in solution must
be applied to appropriately represent the surface activity
behavior of PFAAs as given in eq 348

* = · +C C C C( )2
salt (3)

Here, the mean ionic activity is calculated from the averaged
activity coefficient (γ), the surfactant concentration (C), and
the concentration of salt (Csalt) in solution. The activity
coefficient is calculated from a form of the Debye−Huckel
Equation.50,51 The mean ionic activity correction attempts to
describe the surface activity of ionic PFAAs corrected for the
background counter-ion influence on the overall surface
tension of the solution.49

Surface excess, or the quantity of PFAAs adsorbed per area
of the air−water interface, is calculated by fitting the surface
tension measurements at various aqueous concentrations to an
appropriate adsorption model. For comparative purposes, the
Freundlich (eq 4) and Langmuir−Syszkowski (eq 5)
adsorption models were selected to describe PFAA adsorption
at the air−water interface for solutions below the critical
micelle concentration (CMC).20,43

= K C( )N
f (4)

=
+

C
C1

max

(5)

In eq 4, Γ is the surface excess [mol m−2], and Kf and N are the
fitting parameters. For eq 5, Γmax and β are fitting parameters
representing the interfacial sorption capacity [mol m−2] and
adsorption affinity coefficient [m3 mol−1]. If the species exists
as a salt form or contains any background counter-ions, then C
is converted to C* using eq 3, assuming complete dissociation
of PFAAs and counter-ions occurs.
Respectively integrating eqs 4 and 5 into eq 2 results in an

approximate description of the surface tension in terms of the
Freundlich and Langmuir−Syszkowski adsorption models.43

= TK
C
N

( )N

0 f (6)

= +T Cln(1 )0 max (7)

Here, σ0 is the surface tension of the solution without PFAS.
The parameters Kf, N, Γmax, and β are all determined from fits
to surface tension measurements at various molar concen-

trations. The model was fit with a nonlinear generalized
reduced gradient method to minimize the sum of squared
residuals. A detailed description of the experimental surface
tension methods, along with isotherm coefficients, is provided
in the SI.
The surface excess relates the aqueous-phase solute

concentration to the air−water adsorption coefficient, Kaw
[M], following the equation

=K
Caw (8)

The air−water adsorption coefficient can be influenced by
physicochemical properties like the chain length52 and the
presence of co-occurring PFAS.43,53,54 In field settings, PFAS
are likely to occur as multi-component mixtures with several
precursory and terminal products.55,56 The value of Kaw and Γ
are also influenced by solution properties, namely, ionic
strength, pH, and temperature.10,57 It is important to note that
different adsorption models can produce disparate predictions
of Kaw at end-member concentration ranges.43,58 Therefore, the
application of an adsorption model must appropriately
consider the concentration range and environmental con-
ditions of interest.
The solid-phase and air−water adsorption behaviors of four

PFAAs were examined for this study. Each of the four
PFAAs�PFHxS, PFOA, PFOS, and PFDA�shows a range of
increasing hydrophobic carbon chain lengths (Table S1 in SI)
and functional groups and are representative of the typical
legacy PFAS found at contaminated sites.59

Air−Water Interfacial Area. Applying the PFAA-specific
physicochemical properties contained within Kaw to the vadose
zone requires the determination of the saturation-dependent
air−water interfacial area of the porous medium. The air−
water interfacial area of several soils and sediments has been
quantified by empirical equations relating the van Genuchten
model for capillary pressure characteristic curves, the sediment-
specific surface area, grain-size distribution, and monolayer
saturation.46,47 The van Genuchten equation60 is used to
construct an approximate water saturation (Sw) profile using eq
9.

= + +S S S P(1 )((1 ) )n n
w r r v c

(1 (1/ ))v v (9)

Here, Sr is the residual water saturation [-] and Pc is the
capillary pressure [kPa]. The terms αv and nv are constants fit
to the measured capillary pressure data and represent the
inverse of entry pressure [1/kPa] and the pore-size distribution
[-], respectively.60 Converting Pc to an elevation above the
water table scales the capillary pressure−water saturation
function to physically representative unsaturated systems.
For a given Sw profile determined from eq 9, the air−water

interfacial area can then be calculated by the following
relationship.46

= [ + ]A s S S1 ( ( ))n m
wi wi w m

wi (10)

Here, Awi is the air−water interfacial area [cm−1], s is the
normalized specific surface area, and Sm is the monolayer
saturation. The terms αwi, nwi, and m are coefficients correlating
to the uniformity coefficient of the porous medium. For a given
uniformity coefficient, αwi = 14.3·ln(U) + 3.72. For uniformity
coefficients greater than or equal to 3.5, m = 1.2 and

=n
mwi

1
2

.46,47
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The Brunauer−Emmett−Teller (BET) theory is commonly
employed to quantify s, as well as the pore-size distribution and
pore volume by nitrogen gas physisorption.61 The normalized
specific surface area of soil samples was determined for air-
dried soil samples using nitrogen BET and the bulk density [g
cm−3] of the soil using a Quantachrome NovaTouch LX BET
surface characteristic analyzer. Monolayer saturation was
neglected in this study.
Vertical Integration Framework. With air−water and

solid-phase adsorptions quantified as functions of the height
above the water table, the breakthrough time for a source of
PFAAs to reach the water table can be estimated by vertically
integrating62 the retardation profile with depth using the
following equation.

=R
H

R z z1
( )d

H

0 (11)

Here, R̅ is the depth-averaged retardation and H is the height
of the vadose zone. The integral is taken from the base of the
vadose zone to the surface. This depth-averaged approach
synthesizes complex vadose zone retardation profiles into
single values for implementation into computationally efficient
one-dimensional (1D) unsaturated transport models.
Oneida-Rhinelander Airport Geologic Setting and

Soil Properties. Site characterization of the geology and
vadose zone conditions at Oneida-Rhinelander Airport (ORA)
provides a case study to demonstrate and apply the proposed
PFAA transport and retardation framework. Several PFAAs of
concern have been identified in concentrations exceeding 70
ng L−1, resulting in the shutdown of two municipal
groundwater drinking wells pumping from the unconfined
groundwater aquifer adjacent to the airport.63 The extent of
contamination and source zones are under active investigation.
Located in the Northern Highlands geologic region of

Wisconsin, the subsurface around ORA is dominated by
stratified sand and gravelly sand glacial melt-water deposits
with pockets of organic-rich peaty soils throughout.64,65 Soil
samples from three boreholes, designated B004, B005, and
B006, were collected near the two municipal wells just outside
the southern airport boundary to measure steady-state water
content. The boreholes were selected because of the close
proximity to the two municipal drinking wells and were easily
accessible. To describe the vadose zone water saturation
profile, in situ and lab-measured capillary pressure character-
istic curves were constructed for the study site following the
van Genuchten model (eq 9). Additional grain-size distribu-
tion and loss on ignition (LOI) analyses were performed to
determine the uniformity coefficients and organic carbon
content. Details of the sediment characterization and capillary
pressure curve construction are provided in the SI.

■ RESULTS
Solid-Phase Adsorption Coefficients. The development

of theoretical or empirical estimations of PFAA solid-phase
adsorption is key for reducing sample costs and mitigating the
challenges associated with PFAS analyses. There exists
significant scatter in the reported range of Kd for several
PFAAs attributed to the variability in soil pH, clay content, and
organic carbon content.15 The organic carbon partitioning
coefficient, Koc, has been shown to under-represent PFAA
solid-phase sorption,15,16,18 but as the carbon chain length
increases, the influence of organic carbon-associated solid-
phase adsorption increases.18 Depth analysis of grain-size

distribution and LOI shows that the content of fines (middle
panel of Figure 1) and organic carbon (right panel of Figure 1)
decreases with depth in the vadose zone.

Batch-type experiments were used to derive the Kd for
individual PFAAs in contact with low-organic-carbon-content
ORA soils. Soil samples collected at a depth of 140−190 cm
from ORA had minimal organic carbon content (<0.1%) and
were found to have negligible amounts of PFHxS, PFOA, and
PFDA. Sorption for PFOS in these lower soil profiles was best
described by a linear isotherm in DI water and 0.1 M
background NaCl solution. The determined linear Kd values
for PFOS attachment to ORA soils was 0.1 and 0.34 L kg−1 for
solution compositions of DI and 0.1 M NaCl, respectively.
Batch measurements and analysis of fired and air-dried soil
samples showed similar adsorption behaviors, further indicat-
ing that Kd is representative of mineral-phase adsorption
processes and not adsorption to organic carbon in the lower
soil profile.
In addition to the batch experiments in the low-organic-

carbon soils, one high-TOC (3.55%) surficial sediment was
analyzed to compare the significance of organic carbon
sorption at the field site. This sample was taken from a
mixture of soils collected from the surface to 30 cm depth. All
PFAA species displayed sorption to this soil sample, but
analytical losses restricted the determination of an appropriate
Kd for PFHxS, PFOA, and PFDA. The determined Kd for
PFOS was 1.66 L kg−1.
Based on these results, solid-phase adsorption of PFAAs

onto ORA soils was calculated using the relationship Kd =
Koc foc�based on the available literature values of Koc. log Koc
values were averaged across the reported range for the studied
PFAAs, producing values for PFHxS, PFOA, PFOS, and PFDA

Figure 1. (Left) The water saturation of boreholes (B004, B005,
B006) and homogenized soil samples (Lab) were found at several
locations throughout the ORA field site. ORA is primarily composed
of glacial outwash sediments, coarsening with depth. The dashed
black lines correspond to capillary pressure curve fits to the measured
data, while the red dashed line traces the in situ curve of B006.
(Middle) The fines distribution corroborates the findings from the
field capillary pressure curves, where finer material can be found in the
upper section. (Right) The distribution of organic carbon as a
function of depth fit with an appropriate function. Blue and purple
points correspond to the organic carbon content of solid-phase
adsorption samples. This figure highlights the vertical heterogeneity of
properties impacting PFAA adsorption at the ORA field site.
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of 2.71, 2.62, 3.41, and 3.65, respectively.11 log Koc values have
been shown as reasonable PFAA sorption approximations.15,16

However, depending on the geologic material present, sorption
of PFAA may be influenced by the ionic strength and pH of
the solution. For example, the presence of monovalent and
divalent cations in crushed limestones66 and changes in
sorbent surface charge due to pH conditions.15 The organic
carbon content relationship was used as a representative solid-
phase adsorption approximation because the ORA field site is
composed of quartz-rich sands at stable pH conditions. The
measured distribution of organic carbon throughout the vadose
zone was fit with an exponential function describing the change
in organic carbon with depth (right panel of Figure 1) and
paired to the log Koc value of each PFAA. However, the
measured Kd for the shallow soil sample is an order of
magnitude lower than that determined from the Koc relation-
ship (89.96 L kg−1), likely due to outliers in the literature data.
Air−Water Adsorption Coefficients. Surface tension

measurements were used to relate aqueous PFAA concen-
trations to Kaw. Surface tension data for select PFAAs are
presented in Figure 2�individual isotherm parameters can be
found in the SI. For PFAAs in ultrapure water, both Freundlich
and Langmuir−Syszkowski adsorption isotherms approximate
the surface tension over environmentally relevant concen-
tration ranges (0.01−10 parts per billion) of the well. The
range of concentrations examined (0.1−100 mg L−1) were all
well below the CMC for an ultrapure solution, as indicated by
a continuous decrease in surface tension across the measured
range.67 In the Langmuir−Syszkowski adsorption model,
PFAAs with similar carbon chain lengths (PFOA and PFOS)
display similar magnitudes of Γmax, describing the maximum
sorption capacity at the air−water interface. Similarities

between β and the functional group are supported by previous
observations.68 The values of Kaw at dilute concentrations tend
to increase with the number of carbon chains (Figure 2).
These results highlight that chain length exerts a strong
influence on air−water interfacial adsorption behavior.
PFAAs in high saline solution displayed significant decreases

in both surface tension and the CMC boundary relative to
PFAAs in ultrapure water, an observation supported by
previous studies.43,69 With the addition of 0.1 M NaCl, Γmax
increases, indicating that the presence of background salts
increases the maximum surface adsorption capacity and thus
the maximum air−water interfacial adsorption of PFAA when
compared to ultrapure water solutions.

Capillary Pressure−Retardation Relationship. The
capillary pressure characteristics of the sampled boreholes
were determined to constrain the range of subsurface
heterogeneity across the ORA field site and to construct Awi
profiles for different soil types. Equation 9 was fit across the
measured range of lab and field capillary pressure data
producing fits to the parameters αv and nv of 0.25 [kPa−1]
and 4.0 [-], respectively. This curve is illustrated by the gravelly
sand dashed line in Figure 1. The residual water saturation (Sr)
was measured to be between 0.049 and 0.057 from repeated
laboratory measurements of the characteristic curves. Two
additional capillary pressure curves are constructed to
constrain the finer-grained components of the sediment.
Capillary pressure curves representing fine and silty sands are
fit with αv and nv values of 0.08 [kPa−1] and 4.0 [-], and 0.055
[kPa−1] and 4.0 [-], respectively. The average measured
porosity for ORA is 0.42. Grain-size distribution analyses on

multiple soil samples produced uniformity coefficients ( )d
d

60

10

Figure 2. Surface tension and Kaw in ultrapure water and 0.1 M NaCl solution plotted against molar concentration. Dashed lines represent
Langmuir−Syszkowski best fits. Fitting parameters are present in Table S2. Note, because the CMC boundary was heavily influenced by the
addition of 0.1 M NaCl, fits were performed for concentrations of 10 mg L−1 and under. Additionally, PFOA measurements in saline solution were
compared with previously measured data (diamonds).27 Air−water adsorption coefficients are shown to be higher in saline conditions.
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between 2 and 12 with an average of 4.99. The specific surface
area of ORA soil samples, determined from N(2)-BET, was 5
[cm2 g−1] for an average bulk density of 1.53 [g cm3].
Capillary pressure characteristic curves are a reflection of the

local pore-size distribution in a porous media that serves to link
the properties of the subsurface to PFAA air−water adsorption
coefficients and retardation (eq 1). Using the laboratory results
combined with the air−water interfacial adsorption theory,
Figure 3 illustrates the hydrostatic PFAA retardation as a

function of height above the water table. Figure 3 assumes
homogeneous capillary pressure characteristics and shows the
relative influence of the air−water and solid-phase retardation
processes on the combined retardation profile using eq 1. The
air−water interfacial retardation is calculated using the
Langmuir−Syszkowski adsorption model and eq 8, and eq
10 for the gravelly sand capillary pressure curve shown in
Figure 1.
Air−water adsorption processes tend to dominate the

retardation profile in the vadose zone with the additive effect
of solid-phase sorption in the upper vadose zone, where the
organic carbon content is high and water saturation is at a
minimum, as shown in Figure 3. For the remaining profile,
air−water interfacial adsorption is responsible for high
retardation factors until the water saturation increases near
the water table, reducing Awi and thus R. PFAAs in both pure
and saline solution display extreme retardation factors. A
substantial increase is observed in the saline solutions,
increasing the retardation factors by approximately 1 order of
magnitude. At low water saturation conditions, these results
suggest that PFAS is nearly immobile in the upper vadose zone
where air−water and solid-phase adsorptions are the strongest.
Retardation in the Heterogeneous Vadose Zone. At

field scales, PFAA transport is further complicated by the
introduction of capillary heterogeneity across the vadose zone.
Capillary heterogeneity describes the variation in capillary

pressure characteristic behavior across different geologic
porous media.70,71 At the ORA site, capillary heterogeneity is
driven by differences in the grain-size distributions of stratified
glacial melt-water deposits that vary with depth. This
heterogeneity can result in large fluctuations in steady-state
water saturation as a function of depth�and thus fluctuations
in air−water retardation�as illustrated near the top of
boreholes B004 and B006 in Figure 1. The dashed lines in
Figure 1 illustrate the range of measured capillary pressure
profiles at ORA representing soils ranging in composition from
gravelly sand to silty sand.
To accurately describe the PFAA retardation throughout a

heterogeneous vadose zone, the range of saturation variability
driven by capillary heterogeneity must be approximated.
Capillary heterogeneity at a particular site, with consistent
depositional and lithification processes, often exhibits a
constant shape of the pore-size distributions such that the
capillary entry pressure is scaled to describe the local variability
in capillary pressure behavior.72−74 In mathematical terms, this
scaling is achieved by variations in the van Genuchten
parameter αv, the inverse of entry pressure. For fixed values
of nv, soils with a larger component of coarse material will
exhibit higher values of αv. Conversely, a greater content of
fines will result in decreases in αv.
To account for the full range of capillary characteristic

curves at a given site�combined with depth-varying solid-
phase sorption�Figure 4 maps the full range of possible PFAA
retardation in the vadose zone. These vadose zone retardation
potentials assume a constant pore-size distribution shape (nv =
4.0), minimum residual saturation (Sr = 0.05), and average
uniformity coefficient (U = 4.99), and utilize the air−water
interfacial adsorption coefficients measured in ultrapure water
for a concentration of 1 ppb for each PFAA species.
Representative characteristic curves are plotted in Figure 4 to
highlight the envelope of observed capillary heterogeneity
based on the borehole and lab measurements illustrated in
Figure 1. This approach enables the estimation of retardation
at a given depth within the vadose zone and an associated
water saturation�providing a first-order approximation of
PFAA retardation throughout an entire contaminated site. The
corresponding profiles for PFAA in 0.1 M NaCl solution are
provided in the SI.

Site-Specific Vertically Integrated Retardation. The
vertical integration framework provides a means to synthesize
the impact of spatially heterogeneous adsorption properties on
PFAA retardation at field sites. Figure 5 summarizes the
adsorption diagrams presented in Figure 4 for PFOS in
ultrapure water by showing the range of capillary pressure-
constrained depth-averaged retardation factors accounting for
site heterogeneity. Across a range of depths, air−water
adsorption controls the maximum and minimum bounding
retardation factors. The additive effect of both air−water and
solid-phase processes creates a zone of high retardation in the
upper vadose zone across the field site.

■ DISCUSSION
Solid-Phase Sorption Heterogeneity. The geologic

media of ORA is primarily composed of quartz-rich sands
with minimal Fe-oxides (Table S2), indicating that organic
carbon is likely to drive sorption at the site.15−17,66 Accounting
for the variability of adsorption processes throughout the
vadose zone is essential for accurate PFAA retardation
estimation, the effect of which is highlighted in Figure 6.

Figure 3. Air−water-associated retardation factor in relation to
saturation and capillary pressure dependencies on Awi. For PFAA in
saline solution, retardation factors are magnified by approximately a
factor of ten, as expected from the increases in the air−water
adsorption coefficients measured in Figure 2. The dotted black line
indicates the depth at which the dominant retardation process
transitions from solid-phase to air−water adsorption. PFAAs with
more carbon chains exhibit greater adsorption coefficients and thus
stronger retardation profiles.
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Assuming a bulk-averaged organic carbon content (red lines in
Figure 6), as opposed to the measured profile exhibiting spatial
variability (blue lines in Figure 6), leads to overestimation of
the vadose zone depth-averaged retardation of PFOS by
approximately a factor of two. These results highlight that the
identification of soil horizons containing a high content of
organic carbon is key to accurate PFAA transport modeling.
Adsorption Model Selection. Adsorption model assump-

tions have a strong influence on the estimates of PFAA
transport and retardation. For increasingly dilute PFAA
solutions, Kaw will increase infinitely under a Freundlich
adsorption model or reach a stable Γmax when applying the
Langmuir−Syszkowski model. Evidence may suggest that
PFAA exhibits Freundlich adsorption at infinitely dilute
concentrations and Langmuir−Syszkowski adsorption at high-
er concentrations.29,43,58,75,76 Both Langmuir−Syszkowski and
Freundlich models describe the data well; however, the mean
ionic activity correction, C*, did not adequately describe Kaw at
elevated salt concentrations. By applying C*2, or the square of
mean ionic activity, we were able to describe the surface
tension and Kaw well for concentrations below the CMC.43,49

Further graphical comparisons between adsorption models and
the effect on retardation can be found in Figure S3. Previous
studies have proposed the use of a hybrid Langmuir−
Freundlich adsorption model to more robustly describe air−
water adsorption across high and low concentration ranges.
Incorporating this model into the framework would likely
improve the retardation estimates across concentration
ranges.53

Freundlich isotherms have been widely shown to describe
the solid-phase adsorption behavior of PFAA.19,77,78 Our
results indicate that the use of a linear Kd across narrower
environmentally relevant concentrations in soils with minimal

foc sufficiently describes the data. However, further experiments
are required to determine if Kd can accurately be represented
by additive mineral and organic carbon adsorption mecha-
nisms.

Air−Water Interfacial Area Implications. In addition to
adsorption model selection, the uncertainty surrounding the
quantification of Awi introduces significant complexity into the
final retardation estimations. Several empirical and thermody-
namic approaches have been developed with varying degrees of
agreement.21,22,32,39,46,47,79−81 Thermodynamic approaches
have been shown to underestimate Awi

81 and linear relation-
ships fail to accurately represent the exponential increase of Awi
in heterogeneous geologic materials at low saturation.79 The
various approximations of Awi can result in modeled mean
breakthrough times ranging from years to decades.81 Even
experimental methods like interfacial tracer tests and X-ray
micro-tomography can produce different Awi measurement-
s.81,82eq 10 was selected to link the van Genuchten model
parameters measured at the field site to an approximate Awi
from the additional measured soil parameters. No measure-
ments of Awi were performed to validate the model on ORA
soils. However, the model has demonstrated an ability to fit
various soil types across narrow and wide particle size
distributions.46,47

Long-Term PFAA Behavior. These results and analyses
integrate the processes and conditions controlling PFAA
sorption in the vadose zone into a framework for identifying
and estimating long-term PFAA leaching to groundwater
across a field site without the use of computationally intensive
numerical models. As demonstrated, materials with low
residual water saturation, typical of soils containing gravelly
sand and thus high Awi, will show elevated retardation factors
compared to high residual soils, commonly silts and clays. A

Figure 4. First-order approximations of the possible range of retardation experienced by PFOS (A), PFHxS (B), PFOA (C), and PFDA (D) in the
vadose zone at a concentration of 1 [ppb]�derived from ultrapure water measurements. Two representative capillary pressure characteristic curves
are shown, which constrain the site-wide heterogeneity. The measured capillary pressure profile of one sampled borehole (B006) is plotted to
illustrate the effect of capillary heterogeneity on PFAA retardation. Log10 retardation factors are experienced throughout the vadose zone,
suggesting nearly complete immobilization of PFAA.
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large residual saturation will decrease the maximum Awi, thus
decreasing the overall retardation. This effect is due to the
dominant influence of air−water adsorption on the overall
PFAA retardation, as demonstrated in Figure 5.

This PFAA vadose zone retardation framework is based on
hydrostatic capillary pressure conditions that do not vary in
time. Under these stable water saturation conditions, PFAAs
are likely to be nearly immobile in the vadose zone. However,
the water saturation will temporarily increase during recharge
events, such as high-intensity rain, flooding, or snowmelt. The
result is a decrease in the retardation factor due to a reduction
in the maximum Awi and an increase in the saturation-
dependent denominators of eq 1. After several wetting and
drying periods, PFAA are expected to distribute throughout
the vadose zone at lower concentrations, resulting in greater
air−water interfacial retardation until Langmuir−Syszkowski
adsorption stability is reached. Additional experimental work is
needed to elucidate the coupled capillary pressure and PFAA
remobilization behavior to account for transient water
saturation conditions.
As a result of the static assumptions of this analysis, these

results represent the upper and lower limits of retardation
values throughout the vadose zone. The upper limit is
represented by hydrostatic water saturation profiles and
corresponding contributions due to air−water and solid-
phase adsorption processes. Comparisons to previous model-
ing studies agree with the mechanisms and magnitude of the
air−water-associated retardation in variably saturated media
but do not yet account for possible air−water and solid-phase
sorption heterogeneity.23,27,33,83 The lower limit of retardation
is represented by fully saturated conditions when solid-phase
adsorption is the only mechanism contributing to PFAA
retardation. As demonstrated, assumption of a bulk organic
carbon content may result in a greater-than-expected
retardation throughout the vadose zone profile�likely over-
estimating the PFAA travel time near the saturated boundary.
Estimates of PFAA residence time in the vadose zone are
loosely constrained by observations but are estimated to be on
the order of decades.6,8 While current transport models agree
with decadal breakthrough timescales, observations of transient
mobilization rates in unsaturated systems are necessary to
constrain the PFAA travel time throughout the vadose zone.

■ ENVIRONMENTAL IMPLICATIONS
The emergent and ubiquitous nature of PFAS has created a
critical need for the rapid and efficient determination of
transport behavior at the field scale. The results of this study
emphasize the influence of carbon chain length on the solid-
phase and air−water adsorption mechanisms; both mecha-
nisms drive increased sorption as the number of carbon chains
increases. Additional influences, such as ionic strength and
PFAA concentration, can further exaggerate the extent of
retardation in the vadose zone. However, under unsaturated
conditions, these results suggest that interfacial adsorption is
largely responsible for the immobilization of PFAAs, explaining
the observations of long-term adsorption and slow release of
PFAAs to groundwater systems. Therefore, the vadose zone
may act as a PFAA reservoir over long timescales.
The framework presented has demonstrated a need to

validate several of the underlying models and approximations
with experimental results. Future work is required to assess the
adsorption behavior of PFAA and PFAA mixtures under
heterogeneous unsaturated conditions. Additional experimen-
tal validation of air−water adsorption and interfacial area
models will shed light on the impacts of PFAA adsorption in
the presence of heterogeneity. Finally, sensitivity analyses will

Figure 5. (Top) Application of the semi-analytical framework for
PFOS at a concentration of 1 ppb. Depth-dependent retardation
calculated based on ORA representative capillary pressure curves and
borehole measurements (solid lines). The vertical dashed lines
correspond to the vertically integrated retardation for each of these
capillary pressure curves. (Bottom) Estimates of the upper bounds
(corresponding to vertically integrated retardation in gravelly sand)
and lower bounds (corresponding to vertically integrated retardation
in silty sand) on PFOS retardation. Additional discrimination of air−
water retardation (R̅aw) and solid-phase (R̅sp) retardation contribu-
tions is shown in relation to the combined retardation range (R̅aw+sp)
in the lower bar plot. The upper and lower bounds are determined by
the vertical integration of gravelly sand and silty sand, respectively.

Figure 6. Comparison between a spatially distributed organic carbon
profile (Rspatial OC) and a bulk-averaged organic carbon content of 1.7%
(Rbulk OC%) on PFOS retardation. The assumption of a bulk-averaged
organic carbon content can increase the depth-averaged retardation
values of PFAA, resulting in a longer than expected breakthrough.
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help to discern the most important parameters to be built into
future transport models.
The PFAA adsorption diagrams developed in this study

(Figure 4) and vertical integration of collective retardation
mechanisms (Figure 5) enable an estimate of PFAA
retardation as a function of location in the vadose zone,
PFAA concentration in the aqueous phase, solution chemistry,
and geologic heterogeneity. This adaptive framework can be
applied to broader categories of PFAS and PFAS mixtures,
enabling mechanistic approximations of site location risk,
PFAS sorption potential, and subsequent long-term leaching to
groundwater without the use of numerical models. Vertical
integration methods further enable the upscaling of complex
heterogeneous PFAS retardation profiles. This depth-averaging
approach can be used to parameterize transport models to
more efficiently estimate and forecast field-scale PFAA fate and
transport.
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