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A B S T R A C T   

Per- and poly-fluoroalkyl substances (PFAS) adsorb at air-water interfaces during transport in unsaturated porous 
media. This can cause surfactant-induced flow and enhanced retention that is a function of concentration, which 
complicates characterization and modeling of PFAS transport under unsaturated conditions. The influence of 
surfactant-induced flow and nonlinear air-water interfacial adsorption (AWIA) on PFAS transport was investi
gated with a series of miscible-displacement transport experiments conducted with a several-log range in input 
concentrations. Perfluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), and ammonium perfluoro 
2-methyl-3-oxahexanoate (GenX) were used as model PFAS. The results were interpreted in terms of critical 
reference concentrations associated with PFAS surface activities and their relationship to the relevancy of 
transport processes such as surfactant-induced flow and nonlinear AWIA for concentration ranges of interest. 
Analysis of the measured transport behavior of PFAS under unsaturated-flow conditions demonstrated that AWIA 
was linear when the input concentration was sufficiently below the critical reference concentration. This includes 
the absence of significant arrival-front self-sharpening and extended elution tailing of the breakthrough curves, 
as well as the similarity of retardation factors measured for a wide range of input concentrations. Independently- 
predicted simulations produced with a comprehensive flow and transport model that accounts for transient 
variably-saturated flow, surfactant-induced flow, nonlinear rate-limited solid-phase sorption, and nonlinear rate- 
limited AWIA provided excellent predictions of the measured transport. A series of simulations was conducted 
with the model to test the specific impact of various processes potentially influencing PFOS transport. The 
simulation results showed that surfactant-induced flow was negligible and that AWIA was effectively linear when 
the input concentration was sufficiently below the critical reference concentration. PFAS retention associated 
with AWIA can be considered to be ideal in such cases, thereby supporting the use of simplified mathematical 
models. Conversely, apparent nonideal transport behavior was observed for experiments conducted with input 
concentrations similar to or greater than the critical reference concentration.   

1. Introduction 

Per- and poly-fluoroalkyl substances (PFAS) have been identified as 
emerging contaminants of critical concern due to their ubiquitous 
presence, recalcitrance, and potential ecological and human-health 
impacts. It is now clearly established that soil serves as a long-term 
source for many sites contaminated by per- and poly-fluoroalkyl sub
stances (PFAS). This has been demonstrated by field-sampling surveys 
and mathematical-modeling studies (e.g., Washington et al., 2010; Shin 
et al., 2011; Xiao et al., 2015; Anderson et al., 2016; Rankin et al., 2016; 

Weber et al., 2017; Anderson et al., 2019; Dauchy et al., 2019; Wash
ington et al., 2019; Brusseau et al., 2020a; Guo et al., 2020). Hence, 
there is great interest in the transport behavior of PFAS in the vadose 
zone, which can be considerably more complex than in groundwater. 

One primary source of complexity is that flow and transport occur 
under water-unsaturated conditions. This condition introduces two 
important processes that can impact the transport of PFAS in the vadose 
zone. Both processes are associated with the accumulation or adsorption 
of PFAS at air-water interfaces created under unsaturated conditions. 

First, adsorption of surfactants and other matter at the air-water 
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interface can alter surface tensions, which can affect capillary pressure 
and in turn impact water flow (i.e., surfactant-induced flow), depending 
upon extant conditions. Concomitantly, the changes in water flow will 
impact the advective-dispersive transport of solute. In addition, the 
change in the local water saturation caused by surfactant-induced flow 
causes a change in the magnitude of air-water interfacial area, which 
will impact the magnitude of solute retained by adsorption at the air- 
water interface. Thus, surfactant-induced flow can have multiple im
pacts on the retention and transport of surfactants. This has been 
demonstrated through laboratory experiments and mathematical 
modeling for both hydrocarbon surfactants (e.g., Mingorance et al., 
2007; Costanza-Robinson et al., 2012; Karagunduz et al., 2015; Cos
tanza-Robinson and Henry, 2017; El Ouni et al., 2021) and PFAS (e.g., 
Brusseau et al., 2020b; Guo et al., 2020). 

Second, adsorption at the air-water interface provides a source of 
retention that can significantly impact PFAS transport, depending on a 
number of factors. The impact of air-water interfacial adsorption on 
PFAS transport in unsaturated porous media has been demonstrated in 
several studies employing miscible-displacement experiments (Lyu 
et al., 2018; Brusseau et al., 2019a, 2020b; Brusseau, 2020; Lyu and 
Brusseau, 2020; Yan et al., 2020; Li et al., 2021). The potential impor
tance of air-water interfacial adsorption for PFAS transport has also been 
indicated in a number of theoretical (Brusseau, 2018; Brusseau, 2019a; 
Constanza et al., 2019; Silva et al., 2019) and mathematical-modeling 
(Brusseau et al., 2019b; Brusseau, 2020; Guo et al., 2020; Silva et al., 
2020) studies. The transport of PFAS undergoing air-water interfacial 
adsorption (AWIA) is complicated by the nonlinearity of the process, 
wherein the effective AWIA coefficient is a function of aqueous 
concentration. 

A key aspect with regard to characterizing and simulating the 
transport of PFAS in unsaturated porous media is the extent to which 
surfactant-induced flow and the nonlinearity of AWIA impact transport 
under relevant conditions and for concentration ranges of interest. The 
question of the nonlinearity of PFAS AWIA has been the focus of recent 
research and discussion (Brusseau, 2018, 2019b, 2021; Lyu et al., 2018; 
Schaefer et al., 2019, 2020; Arshadi et al., 2020). For example, Brusseau 
and colleagues have investigated the concentration dependency of 
AWIA coefficients (Kia) using both transport-measured and 
directly-measured adsorption data (Lyu et al., 2018; Brusseau, 2021). 
Another example relates to discussions of the representativeness of 
Langmuir versus Freundlich isotherms for characterizing AWIA of PFAS 
(Schaefer et al., 2019, 2020; Arshadi et al., 2020). The impact of 
surfactant-induced flow on PFAS transport has just begun to receive 
attention (Brusseau et al., 2020b; Guo et al., 2020). 

The occurrence of surfactant-induced flow and nonlinear AWIA have 
significant consequences for PFAS transport, both for characterizing 
magnitudes of retention and for the complexity of mathematical models 
required for simulating transport. Therefore, it is a critical question to 
address. This study is the first to systematically examine the issue with a 
combination of transport experiments and mathematical modeling. 

The objective of this research is to investigate the influence of 
surfactant-induced flow and nonlinear AWIA on PFAS transport. 
Miscible-displacement transport experiments are conducted at different 
input concentrations to provide direct experimental observations of 
PFOS and PFOA transport under unsaturated conditions. The input 
concentrations span several orders of magnitude, representing the 
largest range of concentrations employed to date in a transport study. A 
comprehensive flow and transport model (Guo et al., 2020) that ac
counts for nonsteady flow, surfactant-induced flow, nonlinear 
rate-limited solid-phase sorption, and nonlinear rate-limited AWIA is 
used to produce independently-predicted simulations of the measured 
data. A second mathematical model (Brusseau, 2020) that does not 
consider surfactant-induced flow and for which simulations are con
ducted with AWIA treated as linear and instantaneous is used to test the 
robustness of a simplified modeling approach. The results are inter
preted in terms of critical reference concentrations associated with PFAS 

surface activities and their relationship to the relevancy of transport 
processes such as nonlinear AWIA and surfactant-induced flow for 
concentration ranges of interest. 

2. Materials and Methods 

Surface tensions were measured to characterize surface activities and 
to determine critical reference concentrations of the PFAS. Measurement 
and data-analysis methods are presented in the Supporting Information 
(SI) file. Miscible-displacement transport experiments were conducted 
with PFOS and PFOA. The same input concentrations were used for the 
PFOS and PFOA experiments, 0.1, 1, and 10 mg/L. Additional experi
ments were conducted with PFOA using two lower concentrations of 1 
and 10 μg/L. The experiments were conducted using a 0.35-mm diam
eter natural quartz sand. An electrolyte solution comprised of 0.01 M 
NaCl was used for all experiments. The sand and electrolyte were 
selected to be consistent with materials used in prior PFAS transport 
experiments. Numerous measurements of air-water interfacial area have 
been reported for this medium (Araujo et al., 2015; Brusseau et al., 
2015; El Ouni et al., 2021; Brusseau, 2021). 

Nonreactive tracer tests were conducted to characterize the hydro
dynamic conditions of the packed columns. Transport experiments were 
conducted under saturated-flow conditions to characterize solid-phase 
sorption. Experiments were then conducted under steady unsaturated- 
flow conditions to characterize the impact of AWIA on retention and 
transport. All experiments except one were conducted with a water 
saturation of ~0.68. The methods used for the miscible-displacement 
experiments are the same as those used in our prior PFAS transport 
studies (Lyu et al., 2018; Brusseau et al., 2019a; Yan et al., 2020). 
Additional information about the experiment methods is provided in the 
SI. 

Effluent samples were collected continuously for the miscible- 
displacement experiments using a fraction collector. The samples were 
weighed to quantify effluent-solution discharge, and then subject to 
chemical analysis to determine concentrations. The PFAS samples were 
analyzed by two methods. Samples for all experiments except those for 
PFOS with input concentration of 10 mg/L were analyzed by high- 
performance liquid chromatography tandem mass spectrometry. The 
samples for PFOS experiments conducted with an input concentration of 
10 mg/L were analyzed by methylene blue active substances assay. 
Details of the chemical-analysis methods are provided in the SI file. 

Breakthrough curves were measured for each miscible-displacement 
experiment. The effluent volumetric discharge was divided by the resi
dent water volume of the packed column to obtain pore volumes 
(nondimensional time). The effluent concentrations were divided by the 
input concentration to obtain relative concentrations. Measured retar
dation factors were determined for each breakthrough curve by the 
standard methods of calculating the area above the breakthrough curve 
(frontal analysis) and temporal moment analysis. These methods have 
been demonstrated to be robust for PFAS applications (Brusseau et al., 
2019b; Van Glubt et al., 2021). 

The measured data generated in the present study for PFOA transport 
are combined with the results of our prior studies (Lyu et al., 2018; Lyu 
and Brusseau, 2020). A data set for GenX transport reported in Yan et al. 
(2020) is also used for comparison. The same sand and experiment 
methods were used for all studies. Data have been measured for PFOS, 
PFOA, and GenX sorption by the sand in our prior studies (Yan et al., 
2020; Van Glubt et al., 2021). In addition, a data set for PFOA transport 
in a similar sand reported recently by other researchers is used for 
comparison (Li et al., 2021). The Li et al. study examined PFOA trans
port under unsaturated conditions (water saturation of 0.64) for two sets 
of ionic compositions, NaCl and CaCl2, with three ionic strengths for 
each (0.0015, 0.01, and 0.03 M). 

The retardation factor (R) for aqueous phase transport of solute 
undergoing retention by adsorption to solid− water and air− water in
terfaces is given as (Lyu et al., 2018): 
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R = 1 + Kd
ρb

θw
+ Kia

Aia

θw
(1)  

where Kd is the solid-phase sorption coefficient (cm3/g), Aia is the spe
cific air− water interfacial area (cm2/cm3), ρb is porous-medium bulk 
density (g/cm3), and θw is volumetric water content (volume of water 
per volume of porous medium,-). θa is volumetric air content (− ) and n is 
porosity, by phase balance, θw + θa = n. Water saturation is defined as 
Sw= θw/n. The fraction of the measured total retention associated with 
adsorption at the air− water interface is determined as: 

FAWIA =

[

R − 1 −
(

Kdρb

θw

)]/

[R − 1] (2) 

Measured Kia values are determined from the miscible-displacement 
experiments by rearranging equation 2, with R obtained from analysis of 
the breakthrough curve and all other variables determined 

independently:Kia =

(

R − 1 −

(

Kd
ρb
θw

))
θw
Aia

. Values for Aia for the sand 

have been measured in our prior studies, as compiled by Brusseau 
(Brusseau, 2021). 

Two mathematical models were employed for this study. The first is a 
one-dimensional numerical model that couples transient, variably 
saturated flow and advective and dispersive transport (Guo et al., 2020). 
The model accounts for surfactant-induced flow, nonlinear rate-limited 
solid-phase sorption, and nonlinear rate-limited air-water interfacial 
adsorption. The second model does not incorporate transient or 
surfactant-induced flow, but does account for nonlinear rate-limited 
solid-phase sorption, and nonlinear rate-limited air-water interfacial 
adsorption (Brusseau, 2020). The equations and solutions used for both 
models are reported in the respective citations. Both models are used in a 
predictive mode, with values for all input variables determined inde
pendently. The sources of the input values are discussed in the SI. 

3. Results and Discussion 

3.1. Surface Tensions and Critical Reference Concentrations 

The surface tensions of PFOS, PFOA, and GenX as a function of 
aqueous concentration are presented in Figure SI-1. The surface activ
ities are a function of chain length, as expected and as demonstrated in 
numerous prior studies. Good replication is obtained for PFOS, with a 
95% measurement uncertainty of ~14% for Kia. These data are used to 
determine γ-C and Kia functions for use in the mathematical modeling. 
For comparison, maximum Kia values of 0.027, 0.0037, and 0.001 cm 
are calculated for PFOS, PFOA, and GenX, respectively. The differences 
in the magnitudes of the values reflect the differences in surface activity. 

The concept of critical reference concentrations and how they can be 
used to evaluate the potential for specific processes to influence PFAS 
transport was recently introduced (Brusseau, 2019b, 2021; Brusseau and 
Van Glubt, 2021). In terms of surface-tension data, the critical reference 
concentration is determined from the inflection point of the 
surface-tension curves. The respective concentrations are approximately 
1, 10, and 30 mg/L for PFOS, PFOA, and GenX, based on the concen
trations at which the surface tensions are reduced by 2.5% (Brusseau 
and Van Glubt, 2021). Kia values determined from surface-tension data 
would represent essentially maximum values for target concentrations 
below these critical reference concentrations (Brusseau, 2019b, 2021). 
As such, AWIA is anticipated to be effectively linear for PFAS transport 
at such concentrations. The nonlinearity of AWIA under transport con
ditions will be investigated in the following sections by examining the 
measured and simulated PFAS transport behavior observed for the 
miscible-displacement experiments. 

3.2. Measured Transport Data 

The transport of the nonreactive tracer under unsaturated-flow 

conditions was observed to be relatively ideal (data not shown), 
consistent with our prior studies (Lyu et al., 2018; Brusseau et al., 2019a; 
Yan et al., 2020). Representative breakthrough curves measured for 
transport of PFOA, PFOS, and GenX in columns packed with unsaturated 
sand are presented in Fig.s 1-4 and SI-3-5. The magnitude of retention is 
greater under unsaturated-flow conditions compared to saturated con
ditions (data not shown) due to the impact of AWIA. The effluent re
coveries for the experiments averaged 99.4% (±4.3, 95% confidence 
interval). The Kia values determined from the retardation factors 
measured by moment analysis of the breakthrough curves are similar to 
the values determined from the surface-tension data. This is consistent 
with our prior studies (Lyu et al., 2018; Brusseau et al., 2019a; Brusseau, 
2021). 

3.3. Validation of Independently Determined Input Parameters 

It is well established that conducting independent predictions is the 
most robust means by which to employ mathematical modeling to 
analyze measured transport data and characterize relevant processes. 
This approach is used in the present study. The first step in this pro
cedure is to obtain values for all relevant input parameters. Inspection of 
equation 1 reveals that several retention-related parameters need to be 
determined a priori to produce independently-predicted simulations of 
transport. Two critical parameters for PFAS retention under 
unsaturated-flow conditions are the air-water interfacial area and the 
AWIA coefficient. A priori parameterization of these two variables is 
likely to pose the greatest difficulty for most modeling analyses of PFAS 
retention and transport under unsaturated-flow conditions. 

The validity of the values used for these two critical parameters in 
the mathematical modeling will be examined in this subsection. An 
independently-predicted simulation produced with the Guo et al. (2020) 
model will be compared to measured transport data for a PFOA transport 
experiment conducted at sufficiently low input concentration such that 
transport is ideal. Hence, the evaluation of parameter-value validity will 
not be conflated by potential impacts of nonideal factors such as 
surfactant-induced flow. 

The transport data sets presented in this study were all obtained for 
experiments conducted with a 0.35-mm diameter commercial, natural 
quartz sand. It is quite possible that more interfacial-area measurements 
have been reported for this medium than for any other. Brusseau (2021) 
aggregated the published measurements and showed that there was 
good consistency of measured values obtained by different research 
groups with various interfacial-tracer methods. Our previously reported 
measured Aia data sets (Araujo et al., 2015; Brusseau et al., 2015, 2020b) 
were consolidated and used to develop an Aia-Sw function that can be 
employed to determine Aia for any given Sw for the sand (Jiang et al., 
2020; Guo et al., 2020). Brusseau (2021) determined a measurement 
uncertainty of 10% for the data. This function was used to determine Aia 
values for the simulations presented herein. 

An et al. (1996) used neutron reflectometry to directly measure the 
adsorption of PFOA at the air-water interface in 0.01 M NaCl solution. 
Neutron reflectometry is an advanced, high-resolution method for 
characterizing and quantifying soft-matter interfaces. Hence, it repre
sents a robust means by which to directly measure surfactant adsorption 
at interfaces. The directly-measured adsorption data reported by An 
et al. were used by Brusseau (2021) to determine corresponding 
directly-measured Kia values for PFOA. Notably, a maximum value of 
0.0032 cm was measured. These data provide a robust source of Kia 
values for PFOA that is independent of the standard approach of using 
surface-tension data, and will be used for the following independent 
prediction. 

The measured breakthrough curve for PFOA transport in the sand 
under unsaturated conditions is presented in Fig. 1. Air-water interfacial 
adsorption is responsible for the majority (~81%) of PFOA retention. 
These data were obtained with an input concentration of 10 μg/L. This 
concentration is three orders-of-magnitude below the critical reference 
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concentration of PFOA. Accompanying simulations demonstrated the 
absence of surfactant-induced flow for this experiment, which is 
consistent with the small change in surface tension measured for PFOA 
in this concentration range (Figure SI-1). 

It is observed that the independently-predicted simulation produced 
with the model of Guo et al. (2020) provides an excellent match to the 
measured data. The fact that the independent prediction accurately 
simulates the measured data indicates that the model appropriately 
captures the relevant transport processes. It also demonstrates that the 
input-parameter values employed are robust and representative of the 
transport system. This includes the values used for Aia and Kia. In 
particular, given that the Kia was obtained from a high-resolution direct 
measurement, these results validate the robustness of the measured 
values used for Aia. 

3.4. PFAS Transport for Input Concentrations below the Critical 
Reference Concentration 

With the parameterization of Kia and Aia values determined to be 
robust, the influence of input concentration on PFAS transport can be 
investigated via comparison of measured and simulated data sets. The 
measured breakthrough curves for PFOS transport under unsaturated- 
flow conditions with an input concentration of 0.1 mg/L are presented 
in Fig. 2. Note that this concentration is one order-of-magnitude lower 
than the critical reference concentration of 1 mg/L. Good correspon
dence is observed for the two measured data sets. The full breakthrough 
curve is observed to be relatively symmetrical. PFOS transport experi
ences a relatively large magnitude of retention, with an equivalent 
retardation factor of 10.5. Air-water interfacial adsorption is responsible 
for the majority (~83%) of PFOS retention. 

Fig. 1. Measured and simulated breakthrough curves for PFOA transport in unsaturated sand for an input concentration (C0) of 10 µg/L. The solid line represents an 
independently predicted simulation of transport (no calibration) produced with the comprehensive model of Guo et al (2020). Directly-measured neutron-re
flectometry data are used to determine the air-water interfacial adsorption coefficient. 

Fig. 2. Measured and simulated breakthrough 
curves for PFOS transport in unsaturated sand. 
Only the arrival front was measured for the 
second experiment. The two lines represent 
independently predicted simulations of trans
port (no calibration). The solid black line is 
produced with the comprehensive model of Guo 
et al (2020). The simulation accounts for 
surfactant-induced flow, and air-water interfa
cial adsorption is treated as nonlinear and 
rate-limited. The dotted gray curve is produced 
with the multi-process mass-transfer model of 
Brusseau (2020); note that this curve is essen
tially identical to the solid curve. It does not 
incorporate surfactant-induced flow, and 
air-water interfacial adsorption is treated as 
linear and instantaneous for the simulation. 
Surface-tension data are used to determine the 
air-water interfacial adsorption coefficient.   
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The independently-predicted simulation produced with the 
comprehensive model of Guo et al. (2020) provides an excellent match 
to the measured data (Fig. 2). It is important to note again that this 
simulation was produced without calibration or fitting to the measured 
data, wherein all input parameters were obtained independently. This 
demonstrates that the model accurately represents the relevant pro
cesses influencing PFOS transport, as well as indicating that the 
parameter values used were robust. 

A series of simulations was conducted to test the specific impact of 
the various processes potentially influencing PFOS transport. Simula
tions produced with and without surfactant-induced flow are essentially 
identical, indicating negligible impact for this system (Figs. 2 and SI-2). 
Inspection of Figure SI-1 shows that the surface tension for PFOS 
changes minimally for concentrations below 0.1 mg/L, the input con
centration employed for the experiment. This explains the absence of 
surfactant-induced flow for this experiment. This result is consistent 
with prior simulations of PFAS transport (Brusseau et al., 2020b; Guo 
et al., 2020). 

Sorption of PFOS by the sand is nonlinear and rate-limited, as 
demonstrated in our prior experiments conducted under saturated-flow 
conditions (Van Glubt et al., 2021). However, the simulations demon
strate that nonlinear sorption has a negligible impact and that 
rate-limited sorption has minimal impact for PFOS transport under un
saturated conditions (Figure SI-2). This is because solid-phase sorption 
provides a relatively small contribution (~17%) to total retention. 
Simulations treating AWIA as rate limited versus instantaneous are 
coincident, indicating that mass transfer to and from the air-water 
interface is rapid with respect to the residence time for the 
miscible-displacement experiments. This is consistent with the results of 
a prior study (Brusseau, 2020). 

The simulation produced with AWIA treated as linear (a fixed Kia) is 
essentially identical to the simulation accounting for nonlinearity 
(Fig. 2). This indicates that AWIA is effectively linear for the conditions 
of the experiment. This is consistent with the measured and simulated 
breakthrough curves not exhibiting appreciable self-sharpening of the 
arrival front or extended concentration tailing for the elution front, both 
of which are hallmarks of transport influenced by nonlinear adsorption. 
As discussed above, the critical reference concentration for PFOS is 1 
mg/L, below which the surface-tension measured Kia is essentially 
constant. Hence, the observed behavior of the measured transport data, 
the results of the mathematical modeling, and the characterization of 
surface activity via the surface-tension data are all consistent. 

Similar series of simulations were conducted for PFOA and GenX 
transport in the sand (results not shown). This includes the transport of 
PFOA for an input concentration of 1 mg/L, which is ten-times below 
PFOA’s critical reference concentration, and the transport of GenX for an 
input concentration of 10 mg/L that is 3-times lower than its critical 
reference concentration. Surfactant-induced flow was negligible and 
AWIA exhibited minimal nonlinearity for both cases. This is consistent 
with the prior simulations of PFOS transport. In total, these results 
demonstrate that surfactant-induced flow is not relevant and that AWIA 
can be treated as effectively linear for PFAS transport when concentra
tions are approximately a factor of 3-10 below the critical reference 
concentration. 

3.5. Simulating PFAS Transport with a Simplified Mathematical Model 

The independently-predicted simulation produced with the multi- 
process mass-transfer model of Brusseau (2020) is observed to provide 
an excellent match to the measured PFOS transport data (Fig. 2). 
Notably, this model does not incorporate surfactant-induced flow. In 
addition, AWIA is treated as linear and instantaneous for the simulation. 
The performance of the model was further tested by applying it to 
multiple additional data sets. 

The first is a data set for PFOA transport in the sand, with an input 
concentration of 1 mg/L. Note that this concentration is 10-times higher 

than the concentration used for the prior PFOS experiment, but is 10- 
times below the PFOA critical reference concentration. The measured 
and simulated breakthrough curves are presented in Figure SI-3. The 
model produces a good prediction of the measured data, with no rep
resentation of surfactant-induced flow and with AWIA treated as linear 
and instantaneous. Independent predictions produced with the model 
also provided excellent simulations of measured PFOA transport data for 
experiments conducted with lower input concentrations of 1, 10, and 
100 μg/L (Figs. 3, 4, and SI-4, respectively). Another data set is for GenX 
transport in the sand, with an input concentration of 10 mg/L. This is 
three-times lower than the critical reference concentration of 30 mg/L. 
Similar to the PFOS and PFOA data sets, the simplified model provides a 
very good prediction of the measured data without accounting for 
surfactant-induced flow or nonlinear, rate-limited AWIA (Figure SI-3). 

In total, the simplified model was used successfully to independently 
predict PFAS transport for six experiments comprising three PFAS and a 
range of input concentrations. The ability of the model to accurately 
predict the measured data indicates that simpler mathematical models 
can be employed to simulate PFOS transport under appropriate condi
tions. Specifically, surfactant-induced flow can be ignored and AWIA 
can be treated as linear when the relevant concentration range is suffi
ciently below the critical reference concentration. 

3.6. Linearity of Air-Water Interfacial Adsorption 

The results of the several individual transport experiments and 
simulations presented in the preceding sections demonstrate that AWIA 
is effectively linear for concentrations sufficiently below the critical 
reference concentration. The linearity of AWIA can also be investigated 
directly by comparing the magnitudes of measured retardation factors as 
a function of the respective input concentrations used for the combined 
set of transport experiments. Inspection of equation 1 shows that when 
AWIA is linear (i.e., constant Kia), retardation factors incorporating only 
AWIA should be constant for experiments conducted at different input 
concentrations when the same porous medium and water contents are 
used (i.e., Aia is constant). In the present case, the retardation factor is 
anticipated to increase slightly for lower concentrations due to the 
impact of nonlinear solid-phase sorption. 

A plot of retardation factors versus the input concentrations used for 
the PFOA experiments is presented in Fig. 5. The comparison of R values 
as a function of concentration requires no specification of individual 
parameter values such as Kia or Aia, and thus is not subject to any sort of 
parameter-determination uncertainty. Thus, it represents a direct and 
definitive assessment of the nonlinearity of AWIA under transport con
ditions. The magnitudes of the measured retardation factors increase 
minimally over the four order-of-magnitude range in concentrations. 
The small increase is due to the impact of nonlinear solid-phase sorption. 
The essentially constant retardation factors measured for PFOA over a 
several-log change in concentration is another confirmation of the 
linearity of AWIA below the critical reference concentration. 

3.7. Relevancy of Kia Measurement Methods 

Given that the values used for Aia have been validated for the present 
system, the representativeness of other sources of Kia values can be 
investigated. The standard means by which to determine Kia values is by 
application of the Gibbs adsorption equation to measured surface- 
tension data. Brusseau (2021) analyzed the results of 10 individual 
sets of surface-tension measurements for PFOA in 0.01 M NaCl solution, 
and determined a mean Kia of 0.0032 cm for a concentration of 10 μg/L. 
The Kia of 0.0037 cm determined from the PFOA surface-tension data 
presented in Figure SI-1 is very similar to this mean value. In addition, 
the mean value is identical to the directly-measured value. Hence, the 
predicted simulation obtained with the surface-tension determined Kia is 
identical to the simulation employing the directly-measured value, 
thereby producing an excellent match to the measured data (Fig. 4). This 
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consistency is observed for all of the other PFOA data sets (see Figs. 3, 
SI-4, and SI-5). In addition, excellent matches are also obtained using 
surface-tension Kia values for predicted simulations of PFOS (Fig. 2) and 
GenX (Figure SI-3). These results demonstrate that Kia values deter
mined from surface-tension data are appropriate for representing PFAS 
AWIA during transport in unsaturated media. This is consistent with the 
results of prior comparisons of transport-measured and surface-tension 
determined values (Lyu et al., 2018; Brusseau et al., 2019a; Brusseau, 
2021). 

As noted in the Introduction, the Freundlich isotherm has been 
proposed as an alternative method to estimate Kia values for PFAS 
adsorption at air-water interfaces. With this approach, Kia does not 
attain an upper limiting value at lower concentrations. Rather, the 
magnitude of Kia increases continuously as concentration decreases. For 
example, application of the Freundlich-isotherm estimation produces a 
Kia value for PFOA that is 34-times larger than the values determined 

from neutron reflectometry and surface tension for an input concen
tration of 1 μg/L. As a result, the simulated breakthrough curve for PFOA 
transport with the Freundlich-isotherm Kia exhibits much greater 
retardation than the measured data (Fig. 3), with respective Freundlich 
and measured R values of ~41 and 3.9. Similar results are obtained for 
PFOA transport at the input concentrations of 10 μg/L (Fig. 4), 100 μg/L 
(Figure SI-4), and 1 mg/L (Figure SI-5). In order for the Freundlich- 
predicted retardation to match the retardation of the measured break
through curve for the input concentration of 1 μg/L, the Aia must be 
reduced to a value of ~3 cm− 1. This interfacial area is >20-times lower 
than the measured interfacial area, and represents a physically unreal
istic value for the porous medium and system conditions. In addition, a 
different greatly reduced Aia value is required to match the measured 
retardation for each of the input concentrations, which also is not 
physically realistic. 

The Freundlich-predicted retardation factors increase exponentially 

Fig. 3. Measured and simulated breakthrough 
curves for PFOA transport in unsaturated sand, 
with an input concentration (C0) of 1 µg/L. All 
of the lines represent independently predicted 
simulations of transport (no calibration). The 
simulations are produced with the multi- 
process mass-transfer model of Brusseau 
(2020). It does not incorporate 
surfactant-induced flow, and air-water interfa
cial adsorption is treated as linear and instan
taneous for the simulations. Directly-measured 
neutron-reflectometry data are used to deter
mine the air-water interfacial adsorption coef
ficient for the black solid-line simulation 
(Predicted Simulation), whereas surface-tension 
data are used for the gray dotted-line simula
tion (Surface-tension Kia). A Freund
lich-isotherm estimation is used to determine 
the air-water interfacial adsorption coefficient 
for the purple dashed-line simulation (Freund
lich Kia).   

Fig. 4. Measured and simulated breakthrough 
curves for PFOA transport in unsaturated sand, 
with an input concentration (C0) of 10 µg/L. All 
of the lines represent independently predicted 
simulations of transport (no calibration) pro
duced with the multi-process mass-transfer 
model of Brusseau (2020). It does not incorpo
rate surfactant-induced flow, and air-water 
interfacial adsorption is treated as linear and 
instantaneous for the simulations. 
Directly-measured neutron-reflectometry data 
are used to determine the air-water interfacial 
adsorption coefficient for the black solid-line 
simulation (Predicted Simulation), whereas 
surface-tension data are used for the gray 
dotted-line simulation (Surface-tension Kia). A 
Freundlich-isotherm estimation is used to 
determine the air-water interfacial adsorption 
coefficient for the purple dashed-line simula
tion (Freundlich Kia).   
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and exhibit increasingly greater deviations from the measured values as 
concentrations decrease (Fig. 5). This is not consistent with the linearity 
of AWIA demonstrated by the absence of self-sharpening and extended 
elution tailing for the measured breakthrough curves, the results of the 
mathematical-modeling simulations, and the constancy of measured 
retardation factors for different input concentrations. Conversely, the 
retardation factors predicted using the Kia values determined from the 
surface-tension data are consistent with the measured data (Fig. 5). 

3.8. PFAS Transport for Input Concentrations at or above the Critical 
Reference Concentration 

Transport experiments were also conducted using input concentra
tion near or above the critical reference concentration. The break
through curve for PFOS transport with an input concentration of 10 mg/ 
L, ten-times larger than the critical reference concentration, is presented 
in Fig. 6. The breakthrough curve exhibits a sharp arrival front and 
extended elution-concentration tailing. The effective Kia determined 
from the breakthrough curve is similar to that determined from the 

Fig. 5. Measured and predicted retardation 
factors for PFOA transport in unsaturated sand. 
Water saturation is approximately 0.68 for all 
experiments. UAZ Data represent combined 
data measured in this and prior studies (Lyu 
et al., 2018; Lyu and Brusseau, 2020). The 
green triangle represents a data set reported by 
Li et al. (2021) for PFOA in a range of 
ionic-strength solutions. The error bars repre
sent 95% confidence intervals; the error bars for 
the 1000 µg/L data point are too small to see on 
the scale.   

Fig. 6. Measured and simulated breakthrough 
curves for PFOS transport in unsaturated sand 
with an input concentration of 10 mg/L and a 
water saturation of 0.68. The lines represent 
independently predicted simulations of trans
port (no calibration) produced with the 
comprehensive model of Guo et al (2020). The 
solid-line simulation accounts for 
surfactant-induced flow (SIF) and nonlinear 
air-water interfacial adsorption (AWIA). The 
dotted-line simulation accounts for nonlinear 
air-water interfacial adsorption but excludes 
surfactant-induced flow. The dashed-line simu
lation treats air-water interfacial adsorption as 
linear and includes surfactant-induced flow. 
The simulation for the thin golden line simula
tion treats air-water interfacial adsorption as 
linear and excludes surfactant-induced flow. 
The lower 95% confidence-interval values are 
used for Kia and Aia input.   
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surface-tension data. 
The predicted simulation produced with the Guo et al. (2020) model 

could not match the measured data. Measurement uncertainty for 
input-parameter values should be considered when comparing predicted 
and measured transport data. Another simulation was conducted using 
the lower ranges of the measured Aia and Kia values noted above. This 
predicted simulation was also not able to match the early arrival and 
extended elution tailing exhibited by the measured breakthrough curve 
(Fig. 6). Similar results are obtained for two additional PFOS transport 
experiments conducted with input concentrations of 10 mg/L and 
similar water saturations (data not shown). An experiment was also 
conducted with the same input concentration but a higher water satu
ration (Figure SI-6). In this case, the arrival front was adequately 
simulated, but not the extended elution tailing. This may indicate a 
lesser degree of nonideal transport at the higher water saturation; 
additional investigation is required to confirm such behavior. 

The predicted simulations presented in Figs. 6 and SI-6 include 
surfactant-induced flow and nonlinear AWIA. The simulations without 
surfactant-induced flow deviate only slightly from the original simula
tions, indicting relatively minor impact. The simulations with linear 
AWIA deviate measurably from the original simulations. This illustrates 
that AWIA is nonlinear for these cases. This is consistent with the 
observation of self-sharpening arrival fronts and extended elution tailing 
for the breakthrough curves. 

Experiments were also conducted for PFOS transport with an input 
concentration of 1 mg/L and PFOA transport with an input concentra
tion of 10 mg/L (Fig. 7). These concentrations are identical to the 
respective critical reference concentrations of PFOS and PFOA. The 
effective Kia values determined from the breakthrough curves are similar 
to those determined from the surface-tension data. Similar magnitudes 
of early arrival and extended elution tailing are observed for both ex
periments, along with concentration disruptions observed for the arrival 
fronts starting at relative concentrations of 0.7 and 0.8, respectively. 
While the predicted simulations could not fully match the early arrival 
and extended tailing, the degree of deviation is not as great as observed 
for the PFOS experiments conducted at 10 mg/L input concentration 
(Fig. 6). 

The preceding results indicate that PFOS and PFOA experience 
nonideal transport for conditions with input concentrations similar to or 
greater than the critical reference concentration. The disparity observed 

between the simulated and measured transport suggests the existence of 
a process or interaction that is not represented in the model. As dis
cussed above, the modelling indicated that surfactant-induced flow was 
of relatively minor importance for these experiments. As represented in 
the model, surfactant-induced flow impacts water flow, the local water 
saturation, and the magnitude of air-water interface, which concomi
tantly impacts PFAS retention and transport. It appears that there may 
be some additional manifestation of surfactant-induced flow that is not 
represented in the model. The early arrival exhibited by the measured 
breakthrough curves may indicate an impact of preferential transport, 
with some initial bypassing of a portion of the air-water interfacial area. 
The extended elution tailing may indicate a degree of constrained access 
to some portion of the air-water interfacial area. However, the obser
vation that the Kia values determined from moment-analysis of the 
breakthrough curves are similar to those determined from the surface- 
tension data indicates that all interfacial area is accessed eventually. 
These phenomena are the focus of on-going research. 

4. Conclusions 

This study presents the first systematic investigation of the impact of 
surfactant-induced flow and nonlinear AWIA on PFAS transport with a 
combination of miscible-displacement experiments and mathematical 
modeling. Analysis of measured transport behavior of PFAS under 
unsaturated-flow conditions demonstrated that AWIA was linear when 
the input concentration was sufficiently below the critical reference 
concentration. This includes the absence of significant shelf-sharpening 
and extended elution tailing of breakthrough curves, as well as the 
similarity of retardation factors measured for a several-log range of 
input concentrations. The results of surface-activity characterization via 
surface-tension measurements and those from mathematical-modeling 
investigations supported this observation. These results indicate that 
Kia attains a limiting maximum value under transport conditions. The 
results also demonstrate that Kia values determined from surface-tension 
data are appropriate for representing AWIA of PFAS during transport in 
unsaturated media. 

The concept of critical reference concentrations was shown to be an 
effective approach for evaluating the potential for specific processes to 
influence PFAS transport. The results of the transport experiments and 
mathematical modeling demonstrated that surfactant-induced flow can 

Fig. 7. Measured and simulated breakthrough 
curves for PFOS (input C of 1 mg/L) and PFOA 
(input C of 10 mg/L) transport in unsaturated 
sand with water saturations of ~0.68. The lines 
represent independently predicted simulations 
of transport (no calibration) produced with the 
comprehensive model of Guo et al (2020). The 
simulations account for surfactant-induced flow 
(SIF) and nonlinear air-water interfacial 
adsorption (AWIA). The lower 95% confidence- 
interval values are used for Kia and Aia input.   
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be ignored and AWIA can be treated as linear when the relevant con
centration range is 3-10 times below the critical reference concentra
tion. In addition, this and prior research (Brusseau, 2020) has indicated 
that AWIA can be reasonably treated as effectively instantaneous for 
transport. Hence, PFAS retention associated with AWIA can be consid
ered to be ideal under the appropriate conditions. This has significant 
implications for characterizing retention processes and for simulating 
PFAS transport. Specifically, the results demonstrate that simplified 
mathematical models that exclude surfactant-induced flow and treat 
AWIA as linear and instantaneous can be employed in some cases to 
simulate PFAS transport. This not only reduces the complexity required 
for process representation, thus simplifying the model required, but it 
also reduces the level of information needed for input-data parameter
ization. Conversely, apparent nonideal transport behavior was observed 
for experiments conducted with input concentrations similar to or 
greater than the critical reference concentration. This phenomenon re
quires further investigation. 

Based on studies reported to date (e.g., Washington et al., 2010; 
Anderson et al., 2016; Rankin et al., 2016; Dauchy et al., 2019; Brusseau 
et al., 2020a), the soil concentrations for PFAS at a great majority of sites 
are likely to be below the respective critical reference concentrations for 
many PFAS of interest, especially for short- and medium-chain PFAS. 
This is anticipated to be true for secondary-source sites such as landfills 
and locations receiving land application of treated wastewater or bio
solids, and for some legacy AFFF and PFAS-manufacturing sites. How
ever, this may not be true for sites with recent or new AFFF applications 
or spills. In these latter cases, the relatively high concentrations present 
may lead to nonideal AWIA behavior that cannot be adequately repre
sented with simplified models. 

In addition, it is important to note that other factors may contribute 
to the complexity of PFAS transport in the vadose zone. These include 
nonsteady flow conditions, physical heterogeneity, and potential 
preferential-flow phenomenon, which may directly impact air-water 
interfacial adsorption and transport. Other potentially important fac
tors include soil geochemical heterogeneity and complex nonlinear, 
rate-limited, multi-process solid-phase sorption (e.g., Barzen-Hanson 
et al., 2017; Campos Pereira et al., 2018; Brusseau et al., 2019b; Knight 
et al., 2019; Xiao et al., 2019; Guelfo et al., 2020; Mejia-Avendano et al., 
2020; Nguyen et al., 2020; Schaefer et al., 2021; Wang et al., 2021; Zhou 
et al., 2021), and the presence of PFAS mixtures, hydrocarbon surfac
tants, co-contaminants (e.g., Guelfo and Higgins, 2013; Brusseau and 
Van Glubt, 2019; Van Glubt and Brusseau, 2021), precursors (e.g., 
Nickerson et al., 2021), and newly-identified PFAS (e.g., Washington 
et al., 2020) in soils. Additional research is required to examine the 
impact of these other factors on transport, and to evaluate their rele
vance for PFAS migration in the vadose zone under field-scale 
conditions. 
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