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ABSTRACT: Many per- and polyfluoroalkyl substances (PFAS)
are surface-active and adsorb at fluid−fluid interfaces. The
interfacial adsorption controls PFAS transport in multiple environ-
mental systems, including leaching through soils, accumulation in
aerosols, and treatment methods such as foam fractionation. Most
PFAS contamination sites comprise mixtures of PFAS as well as
hydrocarbon surfactants, which complicates their adsorption
behaviors. We present a mathematical model for predicting
interfacial tension and adsorption at fluid−fluid interfaces for
multicomponent PFAS and hydrocarbon surfactants. The model is
derived from simplifying a prior advanced thermodynamic-based
model and applies to nonionic and ionic mixtures of the same
charge sign with swamping electrolytes. The only required model
inputs are the single-component Szyszkowski parameters obtained for the individual components. We validate the model using
literature interfacial tension data of air−water and NAPL (non-aqueous phase liquid)−water interfaces covering a wide range of
multicomponent PFAS and hydrocarbon surfactants. Application of the model to representative porewater PFAS concentrations in
the vadose zone suggests competitive adsorption can significantly reduce PFAS retention (up to 7 times) at some highly
contaminated sites. The multicomponent model can be readily incorporated into transport models to simulate the migration of
mixtures of PFAS and/or hydrocarbon surfactants in the environment.
KEYWORDS: PFAS, air−water interfacial adsorption, competitive adsorption, surfactant mixture, hydrocarbon surfactants, leaching,
thermodynamics

1. INTRODUCTION
PFAS are widespread and have contaminated surface water,
soils, sediments, groundwater, and the atmosphere. In
particular, vadose zones serve as significant PFAS reservoirs
that pose long-term threats for contaminating groundwater.1−8

The amphiphilic properties of PFAS distinguish their vadose
zone transport behaviors from that of traditional non-surface-
active contaminants.9,10 Adsorption at fluid−fluid interfaces
was shown to contribute to PFAS retention in soils by
laboratory experiments,11−18 field porewater sampling,19−22

and mathematical modeling studies.10,23−28 Air−water inter-
facial adsorption also affects the retention of PFAS by aerosols
and the subsequent atmospheric transport29−31 and the
operation of multiple remediation methods such as foam
fractionation32,33 and carbon adsorption.34,35

Surface tension (ST) measurements combined with the
Gibbs adsorption theory have been used to quantify the
adsorption of single-component surfactants at fluid−fluid
interfaces over many decades.36 More recently, they have
been applied to describe the adsorption of single-component
PFAS at air−water and non-aqueous phase liquid (NAPL)−
water interfaces.9,12,37−39 The ST and interfacial tension (IFT)

data for single-component PFAS as a function of PFAS
concentration are shown to be described well by the
Szyszkowski equation. Combining the Gibbs adsorption
equation and the Szyszkowski equation leads to the commonly
used Langmuir−Szyszkowski isotherm for single-component
PFAS adsorption at the fluid−fluid interface,36 which was
shown to agree well the retardation analysis of water-
unsaturated miscible-displacement experiments.11,15,26,40

Nevertheless, there is an ongoing debate about whether the
fluid−fluid interfacial adsorption of PFAS at lower concen-
trations follows the Langmuir−Szyszkowski isotherm or
Freundlich isotherm.17,39,41−44 Settling the debate will require
direct experimental evidence of adsorption at lower PFAS
concentrations. The study presented here focuses on multi-
component PFAS and hydrocarbon−surfactant systems,
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assuming that the Langmuir−Szyszkowski isotherm is valid for
describing single-component fluid−fluid interfacial adsorption.

Most PFAS-impacted sites comprise mixtures of PFAS and
hydrocarbon surfactants.6,45−47 The multicomponent PFAS
and hydrocarbon surfactants may interact with each other,
such as competing for adsorption sites at the fluid−fluid
interfaces, which will subsequently influence the reduction of
IFT. Mixtures of hydrocarbon surfactants have been widely
studied for potential synergistic effects for reducing IFT.36,48

IFT data of multicomponent PFAS or mixtures of PFAS and
hydrocarbon surfactants have also been reported,18,39,49−54

some of which have demonstrated the presence of competitive
adsorption among PFAS and hydrocarbon surfactants.

Several studies applied a direct extension of the single-
component Langmuir−Szyszkowski isotherm to model the
fluid−fluid interfacial adsorption of multicomponent
PFAS.18,50,52,53,55 However, the multicomponent Langmuir
isotherm is not thermodynamically consistent unless all
components have equal maximum adsorption capacity,56−59

which is not fulfilled for most PFAS and hydrocarbon
surfactants. More advanced models have been previously
developed for predicting IFT and fluid−fluid interfacial
adsorption of hydrocarbon surfactant mixtures,60−62 but
these advanced models are less practically useful due to the
large number of required model parameters. Simpler models
were later developed that significantly reduce the number of
model parameters.63−65 While the simplified models success-
fully predict the IFT of some hydrocarbon mixtures,63,64 the
simplifying assumptions lead to theoretical inconsistencies in
predicting multicomponent fluid−fluid interfacial adsorption
(see sections 2 and 4). The objective of this study is to develop
and validate a new thermodynamically consistent simplified
model that can predict ST/IFT and the fluid−fluid interfacial
adsorption of mixtures of PFAS and/or hydrocarbon
surfactants using only the single-component Szyszkowski
parameters for the individual components.

2. MATHEMATICAL MODEL
We derive a thermodynamically consistent simplified model for
predicting ST/IFT and fluid−fluid interfacial adsorption of
mixtures of PFAS and/or hydrocarbon surfactants using only
the single-component Szyszkowski parameters for the individ-
ual components. The simplified model is based on a prior
advanced mathematical model derived from thermodynamic
principles.60,61 The only assumption involved in our
simplification is that intermolecular interactions between
surfactants are negligible at fluid−fluid interfaces. Additional
details of the advanced model and other information, including
the connection and difference between the different simplified
models, are available in sections S1 and S2 of the Supporting
Information.

We consider mixtures of nonionic surfactants or ionic
surfactants with swamping electrolytes in the solution. In this
study, the ionic surfactants need to have the same sign of
charge. Let γ0 and γ be the ST/IFT without and with dissolved
surfactants in the solution, respectively. We define the surface
pressure as π = γ0 − γ. Using the subscript i to refer to a PFAS
or hydrocarbon surfactant component in the mixture (i = 1, 2,
..., N), ai and bi are the Szyszkowski parameters for the single-
component PFAS or hydrocarbon surfactant (see section S1)
and Ci is the aqueous concentration. When intermolecular
interactions between surfactants at fluid−fluid interfaces are
negligible, the equations for the surface pressure (i.e., surface

equation of state) and interfacial adsorption in the advanced
model for a mixture of N PFAS or hydrocarbon surfactants
(eqs S2.1−S2.3 of the Supporting Information) can be
simplified as
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where θ̂i = Γ̂iωi is the monolayer coverage for surfactant
component i. Γ̂i is the surface excess, and ωi = RgT/(γ0bi) is the
partial molar surface area, where Rg is the universal gas
constant and T is the temperature. Here a circumflex accent is
used to differentiate from the variables when PFAS or
hydrocarbon surfactant exists as a single component (see
section S1). b = ∑i=1
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and eq 3 into eq 1 gives a surface equation of state for the
mixture where surface pressure π is the only unknown
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Equation 4 is a nonlinear equation that can be solved
numerically using an iterative method. After obtaining π, we
can then compute θ̂i via eq 3. Subsequently, surface excess Γ̂i
and fluid−fluid interfacial adsorption coefficient K̂ia,i in the
presence of multicomponent PFAS and hydrocarbon surfac-
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0 . Both Γ̂i and K̂ia,i are nonlinear functions

of the concentrations of the surfactant components in the
mixture.

Fainerman and Miller63 also derived a simplified model from
the Lucassen−Reynders formulation60,61 by employing the
assumption of negligible intermolecular interactions at fluid−
fluid interfaces. Their simplified model predicts the ST/IFT of
several hydrocarbon surfactant mixtures.63,64 However, two
additional assumptions employed in their derivation cause
theoretical inconsistency when predicting fluid−fluid inter-
facial adsorption. When computing b, the interfacial adsorption
in the mixture is assumed to be either proportional to the
surface pressure (for extremely dilute surface layers) of the
single components or inversely proportional to the partial
molar surface area (for a densely packed layer at a sufficiently
large surface pressure). Additionally, when deriving the surface
equation of state for the surfactant mixture, ni in eq 2 was set to
1 (i.e., b = bi), which indirectly assumes that the maximum
adsorption for all components is equal. The theoretical
inconsistency of the Fainerman and Miller model63 (hereafter
termed the FM model) is discussed in more detail in section
S2 and illustrated in an example in section 4. Our simplified
model (eqs 1−4) does not involve either of the two additional
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assumptions and therefore maintains the thermodynamic
consistency of the original advanced model.60,61,65

As discussed briefly in the Introduction, the multi-
component Langmuir model also uses the single-component
Szyszkowski parameters for the individual components as
input. However, the multicomponent Langmuir model is
thermodynamically consistent only when all components have
equal maximum adsorption (i.e., b = bi), which is invalid for
most PFAS and hydrocarbon surfactants. In section S2, we
show that the FM model63 recovers the multicomponent
Langmuir model when b = bi, which suggests that the
multicomponent Langmuir model introduces additional errors
compared to the FM model when bi varies among the PFAS
and hydrocarbon surfactants. Due to the thermodynamic
inconsistency, the multicomponent Langmuir model does not
correspond to a thermodynamically consistent surface equation
of state for the surface pressure of surfactant mixtures, which is
an additional limitation of the multicomponent Langmuir
model.

3. PREDICTED VERSUS MEASURED SURFACE AND
INTERFACIAL TENSION DATA

We validate our multicomponent model presented in section 2
by predicting a series of measured ST/IFT data sets for various
PFAS and hydrocarbon surfactant mixtures reported in the
literature. The single-component Szyszkowski parameters
obtained from the ST/IFT data for the individual components
are listed in Table S1. Because all models discussed in this
study do not account for the formation of supramolecular
structures above the critical micelle concentrations (CMCs),
we examine only concentrations below the CMCs in our
analyses. The mean squared errors for all ST/IFT predictions
are presented in the Supporting Information.
3.1. PFAS Mixtures. We collect ST/IFT data sets for PFAS

mixtures from four experimental studies,18,39,50,52 all of which
can be considered with an electrolyte excess (synthetic
groundwater or 0.01 M NaCl). Using the single-component
Szyszkowski parameters as input, we employ eq 4 to predict
the ST/IFT in the presence of PFAS mixtures at various
mixing ratios. For some data sets, we present the comparisons
between our multicomponent model and the FM model (eq
S2.5) to illustrate the errors that may be introduced by the
additional assumptions employed in the FM model.

We first consider the binary mixtures of PFAS in synthetic
groundwater,52 which include four pairs at different mixing
ratios. The model predictions and the measured ST agree
remarkably well for the PFDA/PFNA and PFDA/PFOA
binary mixtures (Figure 1a,b). The agreement for the PFDA/
PFHpA and PFDA/PFPeA binary mixtures is also reasonably
good (Figure 1c,d), but some deviations are present (see the
computed errors in Table S2). Possible causes of the deviation
are discussed later in this section.

We then test the performance of the model for mixtures with
more than two PFAS. These include ternary mixtures and an
equimolar mixture of eight PFAS in synthetic groundwater
reported by Silva et al.52 and another equimolar mixture of
eight PFAS in a 0.01 M NaCl solution reported by Schaefer et
al.39 Inspection of Figure 2 shows that the model agrees well
with the measured multicomponent surface tension data,
though the eight-component mixtures see greater deviations
(see the computed errors in Table S3). Even for the eight-
component mixtures, the 95% confidence intervals of the
predicted ST values bracket the measured data (see Figure S1).

The FM model produces comparable predictions (Figure 2d−
f), which also show greater deviations for the eight-component
mixtures.

Finally, we use a set of IFT data18 to test the model for
PFAS mixtures in a water/NAPL system. The IFT data were
collected for a binary equal-mass mixture and an equal-mass
mixture of six PFAS. The solution comprised 0.01 M NaCl,
and the NAPL was tetrachloroethylene (PCE). The predicted
and measured IFT data agree well for the binary and six-
component mixtures (Figure 3a,b), which demonstrates the
efficacy of the model for NAPL/water systems. The
predictions by the FM model are also presented for
comparison (Figure 3c,d). The FM model agrees well with
the experimental data for the PFNA/PFOS binary mixture, but
it deviates significantly from the measured data for the six-
component mixture. This is due to Szyszkowski parameter bi
for PFNA and PFOS being very close in the binary mixture,
but strong variations are present in Szyszkowski parameter bi
among the six PFAS. In that case, the assumption of equal bi
values and the approximations used to obtain b in the FM
model introduces errors in the predicted IFT values.

All PFAS in the measured data sets discussed above were
purchased from Sigma-Aldrich Co. and used without further
purification. The impurities of the PFAS from Sigma-Aldrich
Co. vary among different PFAS, but they are usually a few
percent. For example, the purities for PFPeA, PFHpA, PFOA,
PFNA, and PFDA are 97%, 99%, 96%, 97%, and 95%,
respectively.38,52 The compositions of the impurities in these
PFAS remain unknown. We hypothesize that the presence of
surface-active impurities caused the deviations observed for the
two binary pairs with a short-chain PFAS [PFHpA and PFPeA
(Figure 1c,d)]. This is consistent with the observation that the
deviation becomes greater as the concentration of the short-
chain PFAS increases; surface-active impurities in the solution
will have a greater impact on the IFT of the mixture as the
concentration of the long-chain PFAS decreases and becomes
less important in the mixture. However, the specific impurities

Figure 1. ST data for individual PFAS and their (a) PFDA/PFNA,
(b) PFDA/PFOA, (c) PFDA/PFHpA, and (d) PFDA/PFPeA binary
mixtures. The numbers in parentheses denote mole ratios. The binary
mixtures are predicted by our multicomponent model. For all figures
in this study, the markers denote measured data, and the solid lines
for the individual PFAS are fitted by the Szyszkowski equation. The
measured data were reported by Silva et al.52
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in the PFAS products need to be characterized and quantified
to further test the hypothesis.
3.2. PFAS and Hydrocarbon Surfactant Mixtures. We

use the ST/IFT data sets of Ji et al.53 and Zhao et al.49 to
further validate our multicomponent model for predicting the
ST/IFT for mixtures of PFAS and a hydrocarbon surfactant.
All data sets can be considered to have an electrolyte excess.

The ST data reported by Ji et al.53 were for binary mixtures
of PFOA and SDS measured in a 0.01 M NaCl solution at
three mixing ratios of mass concentrations. The PFOA (95%
purity) and SDS (98% purity) were purchased from Sigma-
Aldrich Co. and used without further purification. Figure 4a
shows that the model predictions and experimental data agree

well for all three mixing ratios. The good agreement between
model predictions and measured data implies that the
impurities in PFOA and SDS do not play a major role in
influencing the ST of the solution of their mixture, likely
because impurities are less surface-active compared to PFOA
and SDS.

Zhao et al.49 reported both ST and IFT (between water and
n-heptane) for binary mixtures of PFOA and SDS. The PFOA
and SDS were both further purified before use. Comparisons
between model predictions and measured IFT data for binary
mixtures of PFOA and SDS at constant molar ratios are shown
in panels b and c of Figure 4 (panels b and c present ST and
IFT, respectively). Similar comparisons for binary mixtures of
PFOA and SDS with one of their concentrations fixed are
presented in Figure 5a,b. We also present the predictions by
the FM model (Figure 5c,d), which have greater errors for the
ST data (Figure 5c) but are very close to our multicomponent
model for the IFT data (Figure 5d). This is expected because
the values of single-component Szyszkowski parameter bi of
PFOA and SDS are greater for the ST data, but they are almost
identical for the IFT data (Table S1). For the latter, errors
caused by the assumption of equal bi values in the FM model
are almost negligible.

Finally, it is important to point out that the main limitation
of the FM model is not its prediction of the ST/IFT of the
mixture. As discussed above, the FM model gives reasonable
predictions of the ST/IFT for PFAS and hydrocarbon
mixtures, though they introduce greater errors in some cases.
Rather, the major limitation of the FM model lies in its
prediction of the fluid−fluid interfacial adsorption. As
elaborated in section S2, the fluid−fluid interfacial adsorption
predicted by the FM model can lead to theoretically
inconsistent results when significant variations are present
among the maximum adsorption capacities of the components
in the mixture. This limitation is illustrated in the examples
presented in section 4.

Figure 2. ST data for individual PFAS and their multicomponent mixtures. The numbers in parentheses of the ternary mixtures denote mole ratios.
Predictions by (a−c) our multicomponent model and (d−f) the FM model64 are presented for comparison. The measured data of the first two
columns (a, b, d, and e) were reported by Silva et al.,52 and those in the third column (c and f) were reported by Schaefer et al.39

Figure 3. IFT data between water and a NAPL (i.e., PCE) for
individual PFAS and their mixtures. Predictions by (a and b) our
multicomponent model and (c and d) the FM model64 are presented
for comparison. The measured data were reported by Liao et al.18
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4. PREDICTED AIR−WATER INTERFACIAL
ADSORPTION OF PFAS AND HYDROCARBON
SURFACTANT MIXTURES

We employ our multicomponent model to predict the
adsorption of PFAS and hydrocarbon surfactants at air−
water interfaces. To illustrate the impact of competitive air−
water interfacial adsorption on PFAS retention, we consider
three scenarios relevant to PFAS retention in the vadose zone
beneath a fire training area site impacted by aqueous film-
forming foam (AFFF). Scenario 1 uses PFAS concentrations
from a 1% AFFF concentrate diluted at a 1:100 ratio.4

Scenarios 2 and 3 consider in situ PFAS porewater
concentrations collected by suction lysimeters installed at
two AFFF-impacted sites.20,21 The porewater concentrations
reported by Anderson et al.21 are generally much greater than
those reported by Schaefer et al.20 Therefore, the two data sets
provide examples of relatively high and low porewater
concentrations at AFFF-impacted sites. To simplify the
analysis, we selected the greatest porewater concentrations
collected by multiple lysimeters at different times reported in

these two studies. Based on the availability of porewater
concentration data, we consider five PFAS, i.e., PFOS, PFOA,
PFHxS, PFHxA, and PFBS. Additionally, we hypothetically
consider the presence of a hydrocarbon surfactant given that
hydrocarbon surfactants were commonly used in AFFFs.45,66

SDS is used as an example hydrocarbon surfactant in our
analysis. Previous studies reported that hydrocarbon surfac-
tants account for more than 5 times of the PFAS mass in
AFFFs.45,66 We assume that SDS has a concentration that is 5
times greater than that of the PFAS with the greatest
concentration in soil porewater.

The porewater concentrations for the three scenarios are
listed in Table S7. We assume the soil porewater has a
composition similar to that of synthetic groundwater and
obtain the Szyszkowski parameters using the single-component
ST data reported in the literature.38,52 The porewater in soils
can be considered to have an electrolyte excess. No ST data for
SDS are available under the same synthetic groundwater
condition. We approximate it using the Szyszkowski parame-
ters fitted to the ST data of Ji et al.53 measured in a 0.01 NaCl
solution. To examine the impact of competitive adsorption, we
also compute the air−water interfacial adsorption coefficients
of PFAS and SDS when they are present as a single component
in the solution using the single-component Langmuir−
Szyszkowski model (eq S1.4). For comparison, we also present
the air−water interfacial adsorption coefficient predicted by
the multicomponent Langmuir model (eq S2.4) and the FM
model (eq S2.6). The predicted air−water interfacial
coefficients are listed in Table S7.

Comparisons between the single-component Kia and the
multicomponent Kia predicted by our multicomponent model
show that competitive adsorption significantly reduces Kia for
all PFAS and SDS in scenarios 1 and 2 but not in scenario 3. In
scenario 1, the multicomponent Kia values for PFOS and SDS
(the two most surface-active components) are approximately
40% and 64% smaller, respectively, than their single-
component Kia. The reduction of Kia due to competitive
adsorption is much greater for the four less surface-active
PFAS (PFOA, PFHxS, PFHxA, and PFBS), wherein their Kia
values decrease by approximately 8−25 times when the five
PFAS and SDS are present as mixtures. A similar trend can be
observed for scenario 2, though the reduction in Kia is smaller
due to the lower porewater concentrations of the most surface-
active components PFOS and SDS compared to scenario 1.
The Kia values for the PFOS and SDS in the mixture are
approximately 46% and 40% smaller, respectively, than their
single-component Kia. The Kia values for the four less surface-

Figure 4. (a and b) ST data and (c) IFT data between water and n-heptane for PFOA, SDS, and their binary mixtures. The numbers in parentheses
of the binary mixtures denote mass ratios in panel a and mole ratios in panels b and c. The binary mixtures are predicted by our multicomponent
model. The measured data in panel a were reported by Ji et al.,53 and those in panels b and c were reported by Zhao et al.49

Figure 5. (a and c) ST data and (b and d) IFT data between water
and n-heptane for PFOA/SDS binary mixtures. Our multicomponent
model (a and b) and the FM model64 (c and d) are presented for
comparison. From top to bottom, the PFOA concentrations in panels
a and c are 10−2, 10−1.8, 10−1.6, 10−1.4, 10−1.2, 10−1, 10−0.8, 10−0.6,
10−0.4, 100.12, and 100.6, respectively, and the SDS concentrations in
panels b and d are 10−3.4, 10−2.8, 10−2.2, 10−1.6, 10−1, 10−0.4, 100.2, 100.6,
and 10, respectively. The units are all micromoles per cubic meter.
The measured data were reported by Zhao et al.49
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active PFAS decrease by approximately 3−4 times in the
mixture. Conversely, the Kia values are almost the same as the
single-component Kia values for all PFAS and SDS in scenario
3, indicating a minimal impact from competitive adsorption at
air−water interfaces. This is because the porewater concen-
trations in scenario 3 are several orders of magnitude lower
than those from scenarios 1 and 2, and as a result, the PFAS
and SDS components do not affect each other’s adsorption
capacity at the air−water interface.

To quantify the impact of competitive adsorption on PFAS
retention, we compute the retardation factors for the five PFAS
at the given porewater concentrations under representative
conditions in the vadose zone. For illustrative purposes, we
select a well-characterized soil (i.e., Vinton soil) collected
locally in Tucson, AZ. The hydraulic properties and air−water
interfacial area for the Vinton soil measured at different water
saturations by various methods were reported in prior
studies.67−69 Here we assume the soil in the vadose zone has
a capillary pressure of 75 cm (water content θw of 0.15). Using
the second-degree polynomial function of water saturation
fitted to the air−water interfacial area data measured by
aqueous interfacial tracers for the Vinton soil,10 we obtain a
specific air−water interfacial area Aaw of 667.5 cm2/cm3. To
focus on the impact of air−water interfacial adsorption, here
we neglect the retention due to solid phase adsorption and
compute the retardation factor for each PFAS as R = 1 +
KiaAaw/θw. Substituting with the Kia values computed from the
single-component Langmuir−Szyszkowski model, our multi-
component model, and the multicomponent Langmuir model
gives retardation factors corresponding to these three models.
We also present the retardation factors using the multi-
component Kia with and without accounting for the presence
of SDS. Note that Kia is a nonlinear function of PFAS and SDS
concentrations in all models, and the computed R herein
represents the retardation at the porewater concentrations
listed in Table S7.

The comparisons of the retardation factors (Figure 6) are
generally consistent with the air−water interfacial adsorption
coefficients. Competitive adsorption among PFAS appears to

have a significant impact on PFAS retention in the vadose zone
in scenarios 1 and 2, but not in scenario 3. For scenarios 1 and
2, the retardation factors for the intermediate surface-active
PFAS (PFOA and PFHxS) decrease by approximately 2−7
times. The retardation factors for PFOS appear to be less
affected. This is because PFOS is the most surface-active
component such that its adsorption is minimally influenced by
the other PFAS. However, the retention of PFOS is
significantly reduced when SDS is present because SDS has a
similar surface activity and is at a relatively high concentration.
Similarly, the retention of PFOA and PFHxS is further reduced
in the presence of SDS. Interestingly, competitive adsorption
appears to have a minor impact on the retention of PFHxA and
PFBS. A closer inspection reveals that air−water interfacial
adsorption is much weaker for these two PFAS; their
retardation factors are close to 1 even when they are present
as single components. Therefore, while competitive adsorption
further reduces air−water interfacial adsorption, the reduction
in the retardation factor is minimal.

Finally, we discuss the difference between the predicted Kia
and retardation factors from our multicomponent model, the
multicomponent Langmuir model, and the FM model. The
comparisons in Table S7 and Figure 6 show that the
multicomponent Langmuir model consistently underestimates
the Kia and retardation factors for the less surface-active PFAS,
while it overestimates the Kia and retardation factors for the
most surface-active PFOS. Though Szyszkowski parameter bi
varies only moderately among the different PFAS (i.e., bi is
between 0.12 and 0.21), the Kia predicted by the multi-
component Langmuir model can deviate as much as 70%
(PFOA in scenario 1) from that computed by our multi-
component model. These results illustrate that the multi-
component Langmuir model can introduce rather significant
errors when predicting the retention of PFAS mixtures in the
vadose zone. We have also computed the Kia and retardation
factors using the FM model (see Table S7 and Figure S2). The
FM model sees similar deviations from our multicomponent
model. Notably, the FM model produces multicomponent Kia
values greater than the single-component Kia values for some

Figure 6. Predicted retardation factors for PFAS mixtures in a water-unsaturated soil in the absence and presence of a hydrocarbon surfactant (i.e.,
SDS). The left and right panels are predictions from our multicomponent model and the multicomponent Langmuir model, respectively. The three
rows represent retardation factors computed for the porewater concentrations of scenarios 1−3 (Table S7).

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c08601
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08601/suppl_file/es2c08601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08601/suppl_file/es2c08601_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08601/suppl_file/es2c08601_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08601?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08601?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08601?fig=fig6&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c08601/suppl_file/es2c08601_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c08601?fig=fig6&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c08601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PFAS (i.e., the most surface-active component PFOS in
scenario 1), which is theoretically inconsistent for a mixture of
anionic PFAS and SDS where no synergistic behaviors are
expected. This inconsistency is caused by the two additional
assumptions employed when deriving the model formulations
as discussed in section 2 and section S2.

5. ENVIRONMENTAL IMPLICATIONS
We present a mathematical model for predicting ST/IFT and
fluid−fluid interfacial adsorption for mixtures of PFAS and/or
hydrocarbon surfactants. The model applies to mixtures of
only PFAS, mixtures of only hydrocarbon surfactants, or
mixtures of both. The PFAS and hydrocarbon surfactants can
be nonionic and ionic (with the same charge sign, i.e., either all
anionic or all cationic) with swamping electrolytes. Szyszkow-
ski parameters from the single-component ST/IFT data of
individual PFAS or hydrocarbon surfactants are the only
required inputs. Independent model predictions of ST/IFT
without any parameter fitting are validated by measured data
for a wide range of mixtures of PFAS and hydrocarbon
surfactants reported in the literature. The model predictions
agree well with the experimental data.

We have employed the multicomponent model to analyze
the impact of potential competitive adsorption on the
retention of PFAS in the vadose zone using three
representative scenarios of porewater concentrations, including
PFAS concentrations in a 1% diluted AFFF solution and in in
situ porewater collected by suction lysimeters at AFFF-
impacted sites. The analyses suggest that competitive
adsorption among PFAS at the air−water interfaces may
significantly reduce PFAS retention (up to7 times) in highly
contaminated vadose zones. Conversely, our study implies that
competitive adsorption is likely minimal at secondary
contamination sites such as agricultural lands contaminated
by PFAS-containing biosolids where PFAS concentrations are
several orders of magnitude smaller than those at the AFFF-
impacted sites.6 The results also suggest that hydrocarbon
surfactants can compete for adsorption sites with PFAS at the
air−water interfaces and subsequently reduce PFAS retention.
If the hydrocarbon surfactants have not been degraded at the
PFAS contamination sites, they should be characterized and
accounted for when predicting PFAS transport. Due to its
thermodynamic inconsistency, the commonly used multi-
component Langmuir model deviates from our multicompo-
nent model. We also showed that the other commonly used
simplified multicomponent model of Fainerman and Miller63,64

can introduce theoretical inconsistency when applied to model
multicomponent fluid−fluid interfacial adsorption.

Our study has significant potential implications concerning
the characterization and modeling of PFAS leaching and mass
discharge to groundwater for many sites. For example,
competitive air−water interfacial adsorption may be one of
several factors contributing to the observation of groundwater
contamination beneath deep vadose zones at highly con-
taminated sites. Finally, we note that the validation tests
reported herein were conducted using available data sets, all of
which comprised ST/IFT data for anionic PFAS and SDS.
Additional data sets are needed to test model performance for
other PFAS and hydrocarbon surfactant types under a broader
range of conditions, e.g., in the presence of other nonsurfactant
surface-active constituents such as dissolved organic matter. In
addition, while our multicomponent model is thermodynami-
cally consistent and has been validated by various ST/IFT

data, further validation using direct observations (such as
neutron reflectometry) is required to test its efficacy for
predicting fluid−fluid interfacial adsorption of mixtures of
PFAS and/or hydrocarbon surfactants.
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