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ABSTRACT: The transport and retention behavior of perfluorooctanoic acid
(PFOA) in the presence of a hydrocarbon surfactant under saturated and
unsaturated conditions was investigated. Miscible-displacement transport
experiments were conducted at different PFOA and sodium dodecyl sulfate
(SDS) input ratios to determine the impact of SDS on PFOA adsorption at
solid−water and air−water interfaces. A numerical flow and transport model was
employed to simulate the experiments. The PFOA breakthrough curves for
unsaturated conditions exhibited greater retardation compared to those for
saturated conditions in all cases, owing to air−water interfacial adsorption. The
retardation factor for PFOA with a low concentration of SDS (PFOA−SDS ratio
of 10:1) was similar to that for PFOA without SDS under unsaturated
conditions. Conversely, retardation was greater in the presence of higher levels
of SDS (1:1 and 1:10) with retardation factors increasing from 2.4 to 2.9 and 3.6
under unsaturated conditions due to enhanced adsorption at the solid−water
and air−water interfaces. The low concentration of SDS had no measurable impact on PFOA air−water interfacial adsorption
coefficients (Kia) determined from the transport experiments. The presence of SDS at the higher PFOA−SDS concentration ratios
increased the surface activity of PFOA, with transport-determined Kia values increased by 27 and 139%, respectively. The model
provided very good independently predicted simulations of the measured breakthrough curves and showed that PFOA and SDS
experienced various degrees of differential transport during the experiments. These results have implications for the characterization
and modeling of poly-fluoroalkyl substances (PFAS) migration potential at sites wherein PFAS and hydrocarbon surfactants co-
occur.
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■ INTRODUCTION

Per- and poly-fluoroalkyl substances (PFAS) have become an
emerging concern due to their high toxicity, long-term
persistence, and worldwide distribution in various environ-
mental media including atmosphere, water, soil, sediment,
wastewater, biosolids, and even remote areas such as polar
glaciers.1−5 Sites where aqueous film-forming foam (AFFF)
has been used, such as firefighter training areas and crash sites,
have been identified as major source zones where PFAS
concentrations in soil and groundwater are comparatively
high.5−10 AFFF is a mixture of both fluorocarbon surfactants
(i.e., PFAS) and hydrocarbon surfactants that has been used to
extinguish fires involving hydrocarbon fuels since the
1960s.3,11−13 Many PFAS, such as perfluorooctanoic acid
(PFOA), perfluoropentanoic acid, and perfluorooctane sulfo-
nate (PFOS), have been detected in soil and groundwater
where AFFF was used.5,6,8,14−16 Nine classes of hydrocarbon
surfactants have been identified in AFFFs, such as octylphenol
polyethoxylates, linear alcohol ethoxylates, alkyl sulfates, and
alkyl ether sulfates.17 It is therefore quite possible that

hydrocarbon surfactants and PFAS may co-occur at some
AFFF-contaminated sites. In addition, some hydrocarbon
surfactants such as sodium dodecyl sulfate (SDS) are used
for a wide variety of industrial, commercial, and consumer
products and applications and commonly exist in wastewater
and landfill leachate. Hence, it is anticipated that PFAS and
surfactants such as SDS may co-occur at secondary-source
contamination sites such as landfills and locations of treated-
wastewater applications.
Prior field sampling and mathematical modeling have

demonstrated that soil and the vadose zone at many sites are
primary reservoirs of PFAS that can serve as long-term sources
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to groundwater.5,6,10,18−20 The migration of PFAS in the soil
profile and vadose zone can be influenced by multiple
retention processes.21 The influence of sorption by soil on
PFAS transport has been investigated in a number of
studies.22−31 In addition, laboratory and modeling studies
have illustrated that retention and transport of PFAS in
unsaturated porous media can be significantly affected by
adsorption at air−water interfaces.20,21,26,30,32−36 Furthermore,
it has long been established that the transport of hydrocarbon
surfactants in unsaturated porous media is influenced by both
solid-phase sorption and air−water interfacial adsorption.37−40
Therefore, the co-existence of hydrocarbon surfactants may
have the potential to influence the retention and transport
behavior of PFAS in the subsurface.
Prior studies employing batch-sorption methods have

investigated the impact of hydrocarbon surfactants on the
sorption of PFAS by soils. For example, the presence of a
cationic surfactant, cetyltrimethylammonium bromide, en-
hanced the sorption of PFOS by fresh-water sediments.41

Conversely, the influence of an anionic surfactant, sodium
dodecylbenzene sulfonate, was dependent on its concen-
tration.41 The impact of two surfactants, SDS and N,N-
dimethyldodecylamine N-oxide, on the sorption of 13 PFAS by
three soils was investigated by Guelfo and Higgins.42 The
impacts of the hydrocarbon surfactants on PFAS sorption
varied with surfactant, soil, and PFAS chain length. For
example, the calculated Kd values for PFOA were larger in the
presence of SDS for all three soils.
In summary, the results of the prior research indicate that

the presence of hydrocarbon surfactants can influence the
sorption of PFAS by soil. The presence of hydrocarbon
surfactants can also influence the adsorption of PFAS at the
air−water interface, as reviewed by Brusseau and Van Glubt.43

Hence, we hypothesize that the co-occurrence of hydrocarbon
surfactants may affect the transport of PFAS under unsaturated
conditions via impacts to both solid-phase sorption and air−
water interfacial adsorption, dependent upon the specific
conditions of the system. Therefore, it is critical to investigate
the interfacial behavior of PFAS in the presence of hydro-
carbon surfactants under unsaturated conditions. To the best
of our knowledge, the influence of hydrocarbon surfactants on
the retardation and transport of PFAS has not been
investigated directly via miscible-displacement studies for
either saturated- or unsaturated-flow conditions.
The objective of this research is to conduct an initial

investigation of the effect of hydrocarbon surfactants on the
transport of PFAS in saturated and unsaturated porous media.
PFOA and SDS are selected as the representative fluorocarbon
and hydrocarbon surfactants, respectively. Surface tensions are
measured to characterize surface activity. Miscible-displace-
ment column experiments are conducted under saturated
conditions at different PFOA and SDS input ratios to
characterize solid−water interfacial adsorption, while unsatu-
rated-flow experiments are conducted to investigate air−water
interfacial adsorption. A numerical flow and transport model is
employed to produce independently predicted simulations of
the measured PFAS transport. The model accounts for
surfactant-induced flow and multi-component solute transport
influenced by nonlinear, rate-limited sorption and air−water
interfacial adsorption.

■ MATERIALS AND METHODS

Materials. PFOA was selected as the representative PFAS
because it is one of the most widely observed in both soil and
groundwater and because we have conducted several studies
investigating its sorption, air−water interfacial adsorption, and
transport. The PFOA input concentration (C0) was 10 μg/L
for all experiments. The rationale for selecting this concen-
tration is discussed in the Supporting Information.
SDS was selected as the representative hydrocarbon

surfactant for several reasons. First, it is one of the most
common surfactants in use and has been widely studied.
Second, it is a reported component of AFFF, as noted in the
Supporting Information. Third, its surface activity is generally
similar to that of PFOA. Lastly, the sorption of SDS by the
sand has been characterized in our prior study.38

Unlabeled PFOA (95% purity, CAS # 335-67-1) and SDS
(99% purity, CAS # 151-21-3) were purchased from Sigma-
Aldrich Co. 13C4-PFOA was obtained from Wellington
Laboratories Inc. Pentafluorobenzoic acid (98% purity, CAS
# 602-94-8), which is neither a PFAS nor a surfactant, was
obtained from Macklin Inc. (China). It was used as the
nonreactive tracer (NRT) for all experiments.
The 40/50 mesh natural quartz sand with a mean diameter

of 0.35 mm was washed with deionized water and then dried at
60 °C. This medium has been used in our prior studies, and
thus, an extensive database exists for measured solid-phase
sorption of PFOA, air−water interfacial adsorption of PFOA,
and air−water interfacial areas. The total organic carbon and
metal (Fe and Mn) oxide contents of the sand are 0.04% and
227 μg/g, respectively. Solutions were prepared with de-aired
and deionized water. All solutions were prepared with 0.01 M
NaCl as the background electrolyte.

Surface-Tension Measurements. A De Nouy ring
tensiometer (Shanghai HengPing Instrument and Meter
Factory, BZY-4B) was used to measure aqueous surface
tension based on standard methods. A known mass weight was
used to calibrate the tensiometer before experiments. Each
sample was measured multiple times until at least three stable
measurements were obtained. All surface-tension measure-
ments were conducted at room temperature (∼23 °C). Two
approaches were used for investigating the impact of SDS on
PFOA surface activity, one using a constant ratio of PFOA and
SDS (ratios are 10:1, 1:1, and 1:10) and the other using a fixed
concentration of SDS (SDS = 1, 10, and 100 μg/L). These
measurements are described in detail in the Supporting
Information.

Miscible-Displacement Column Experiments. Misci-
ble-displacement experiments were conducted in duplicate
with 15 cm long and 2.5 cm inner diameter acrylic columns. All
columns were dry packed with sand to obtain uniform
consistent bulk densities (mean = 1.56 ± 0.006 g/cm3) and
porosities (mean = 0.476 ± 0.008). Stainless steel sintered wire
mesh (#80) was placed on both the bottom and top of the
column in contact with the porous media to provide support.
The column was oriented vertically during all experiments.
High-density polyethylene tubing connected a precision high-
performance liquid chromatography (HPLC) pump to the
column. Samples were collected in polypropylene tubes using
an automated fraction collector. Solutions for all experiments
contained 0.01 M NaCl. The measured effluent concentrations
were used to develop breakthrough curves, with the measured
effluent concentration divided by the input concentration to
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determine the relative concentration. Non-dimensional time
was represented as pore volumes, which is defined as the
quotient of the column discharge and the water-filled pore-
volume capacity of the packed column. Retardation factors
were determined for the transport experiments by moment
analysis of the breakthrough curves and not by model
calibration. Details of the approach and methods are provided
in the Supporting Information.
Analytical Methods. The NRT samples were analyzed at a

wavelength of 262 nm using ultraviolet−visible spectropho-
tometry (Unico, model 2008A). PFOA was analyzed directly
via liquid chromatography with tandem mass spectrometry
(LC−MS/MS) using two methods. First, the PFOA samples
without SDS employed Thermo UltiMate 3000 HPLC
(Thermo Fisher Scientific, Bremen, Germany) and a AB-
Sciex QTRAP 4500 mass spectrometer (AB Sciex Pte. Ltd.,
Singapore). A Waters column (C18, 2.1 × 50 mm, 1.7 μm)
was maintained at 35 °C. The mobile phase of water and 100%
acetonitrile applied in the ratio of 40/60 (v/v) was set at a flow
rate of 0.25 mL/min. Second, PFOA samples with SDS
employed an Agilent HPLC 1260 and a mass spectrometer
6150. An Agilent ZORBAX RRHD Eclipse Plus C18 column
(2.1 × 50 mm, 1.8 μm) was maintained at 40 °C. The mobile
phase of 0.01 M ammonium acetate and 100% acetonitrile
applied in the ratio of 60/40 (v/v) was set at a flow rate of 0.3
mL/min. All the samples were passed through a 0.45 μm filter
to remove suspended particulate impurities. Mass-labeled
internal standard 13C4-PFOA was added to monitor recovery.
The R2 of the calibration curves were >0.999 for each
measurement. The quantifiable detection limit of the two
systems is ∼0.1 μg/L. These methods have been used
successfully in our prior studies.26,33,34

Mathematical Modeling. A one-dimensional numerical
model that couples transient, variably saturated flow, advective
and dispersive transport, nonlinear and rate-limited solid-phase
and air−water interfacial adsorption, as well as surfactant-
induced flow is employed to simulate the PFOA transport
experiments.20 The model is further extended here to account

for multiple-component transport of surfactants with com-
petitive adsorption at the air−water interfaces using the
multicomponent Langmuir adsorption isotherm44,45
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where ai and bi are the Szyskowski parameters determined
from the surface-tension data of the individual surfactant
component, that is, eq S1 recovers eqs S2 and S3 in Supporting
Information for a single-component surfactant when m = 1.
The model is used to produce independently predicted
simulations of PFOA transport that will be compared to the
measured breakthrough curves obtained from the transport
experiments. Values for all input parameters are obtained
independently, such that no model fitting or calibration is
conducted. Details of the mathematical modeling, including
the governing equations, input parameters, and operational
conditions, are described in the Supporting Information. A
simplified transport model is used to simulate the NRT data
that accounts for advective−dispersive transport. The model
was calibrated to the measured NRT breakthrough curves with
one parameter (Peclet number, P) optimized, where P = vL/D
(v is the mean porewater velocity, L is the column length, and
D is the dispersion coefficient).

■ RESULTS AND DISCUSSION
Surface-Tension Measurements. The surface tensions

measured for PFOA in 0.01 M NaCl solution as a function of
aqueous concentration are presented in Figure 1. It is observed
that the Szyszkowski equation provides excellent fits to all of
the measured data sets (see Table S1 in Supporting
Information). The PFOA-alone data are consistent with our
prior reported data sets.26,46 For example, Brusseau46

presented several surface-tension data sets measured for
PFOA in 0.01 M NaCl solution. The Szyszkowski variables
for that combined data set (a = 71.4; b = 0.20) are very similar
to those determined for the data presented in Figure 1. The

Figure 1. Measured surface tensions for PFOA, SDS, and mixed PFOA−SDS in 0.01 M NaCl solutions. SDS is present in concentrations of
constant ratio to PFOA for the mixed-surfactant solutions. Only the concentrations of PFOA are used to plot the mixed-solution data sets. For the
SDS (PFOA = 0) data set, the reported concentration is that of SDS. The data points represent the mean of at least three measurements. Error bars
for the 95% confidence intervals are smaller than the size of the data-point symbols. The solid curves represent fits obtained with the Szyszkowski
equation. Only the ≥0.1 mg/L concentration data are shown to better visualize the differences in surface tensions.
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surface tensions for SDS are also presented in Figure 1.
Comparison of the two data sets shows that PFOA and SDS
have generally similar surface activities. The addition of SDS at
a concentration 10-times lower than that of PFOA (PFOA−
SDS ratio of 10:1) has minimal impact on the surface tension.
The addition of SDS at equal concentration to that of PFOA
(1:1 ratio) has a relatively minor impact (Figure 1).
Conversely, the addition of SDS at concentrations 10-times
higher than that of PFOA (1:10 ratio) significantly increases
the surface activity of the solution.
The plots of the constant-ratio surface tensions for the

mixed-surfactant solutions presented in Figure 1 are developed
using only the PFOA aqueous concentration. However, in this
system, the observed change in surface activity results from the
combined effect of changes in the concentration of both PFOA
and SDS. The mixed-surfactant data can alternatively be
plotted employing total surfactant concentration to character-
ize the change in surface activity as a function of the change in
both PFOA and SDS. The data plotted with this standard
approach are presented in Figure 2. Inspection of the figure
shows that the surface-tension curves for the PFOA−SDS data

are essentially coincident with the PFOA-alone and SDS-alone
curves. This concurrency demonstrates that surface-activity
behavior is consistent among the systems. The surface tensions
for PFOA with the fixed concentrations of SDS are essentially
identical to that of PFOA with no SDS present (see Figure S1).
Air−water interfacial adsorption coefficients are determined

from the measured surface-tension data, as described in the
Supporting Information. The values are reported in Table 1 for
the constant-ratio data with aqueous concentration set to that
of PFOA. A target aqueous concentration of 10 μg/L is
employed for the calculations to match the input concen-
trations used for the transport experiments. A Kia value of
0.0032 cm is determined for PFOA in the absence of SDS.
Brusseau46 compiled 10 individual measured surface-tension
data sets for PFOA in 0.01 M NaCl solution and determined a
mean Kia from separate analysis of each of the 10 data sets. The
mean is 0.0032 cm (0.0024−0.0040, 95% confidence interval)
for a selected concentration of 10 μg/L. Notably, the Kia value
determined in this study is identical to the mean value
determined from the prior study. The Kia value determined for
SDS is 0.002 cm, slightly smaller than the value for PFOA.

Table 1. Results of Transport Experimentsa

input
concentration

(μg/L)

PFOA SDS water saturation measured R predicted Rb Kd (L/kg) FAWIA Kia from breakthrough curve (cm) Kia from surface tension (cm)c

10 1 1.17 0.052
10 1 1 1.18 0.054
10 10 1 1.36 0.114
10 100 1 1.35 0.114
10 0.65 2.39 2.31 0.81 0.0036 0.0032
10 1 0.67 2.41 2.44 0.71 0.0036 0.0030
10 10 0.67 2.92 2.92 0.67 0.0046 0.0046
10 100 0.68 3.59 9.08 0.79 0.0086 0.0319

aValues represent the means of replicate experiments (n = 2). bR values predicted for unsaturated-flow PFOA experiments using the Kia values
determined from the constant-ratio surface-tension data. cConstant PFOA−SDS ratio data.

Figure 2. Measured surface tensions for PFOA, SDS, and mixed PFOA−SDS in 0.01 M NaCl solutions. Aqueous concentrations are presented as
the combined total of PFOA and SDS for the mixed-surfactant solutions. SDS is present in concentrations of constant ratio to PFOA for the mixed-
surfactant solutions. Error bars for the 95% confidence intervals are smaller than the size of the data-point symbols. The solid curve represents the
fit obtained with the Szyszkowski equation.
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The Kia value for the 10:1 PFOA−SDS solution is essentially
identical to that without SDS, indicating no measurable impact
of SDS. The Kia value for the 1:1 PFOA−SDS solution is
slightly larger than the prior two values. Conversely, the Kia
value for the 1:10 PFOA−SDS solution is significantly larger,
consistent with the greatly increased surface activity.
Kia values were also calculated using the constant-ratio

surface-tension data with aqueous concentration plotted in
terms of the total surfactant (PFOA + SDS). The values are
presented in Figure 3 as a function of the PFOA mole fraction.

The values for the mixed-surfactant solutions reside within the
bounds of the respective Kia values for the PFOA-alone and
SDS-alone solutions. The change in Kia is observed to be a
function of the mole-fraction composition, consistent with
anticipated behavior for a two-component system. A
continuous monotonic change in the magnitude of adsorption

as a function of the mole fraction, as observed in Figure 3, is
considered to be indicative of uniform mixing within the
adsorbed layer at the interface (e.g., refs 47 and 48).

NRT Transport. The breakthrough curves for transport of
the NRT in the water-saturated packed columns are presented
in Figure 4. The data from the different experiments are
essentially coincident, indicating excellent reproducibility. The
curves are observed to appear in the effluent at one pore
volume, signifying no measurable retention. They are sym-
metrical, with minimal spreading and no evidence of
preferential-flow effects. Simulations produced with an ideal
1D advection−dispersion model provide good fits to the data.
These results indicate ideal hydrodynamic transport conditions
for the packed columns. A dispersivity of 0.12 cm was
determined from the modeling.
The breakthrough curves for transport of the NRT in the

unsaturated packed columns are also presented in Figure 4.
Again, the data from the different experiments are essentially
coincident. The curves exhibit measurably greater spreading
compared to that of the saturated-column data. This reflects
the impact of unsaturated conditions and the presence of fully
and partially drained pore sequences on flow and solute
transport. The simple transport model still provides a good fit
to the measured data but with a larger calibrated dispersivity of
0.42 cm. The results for both saturated and unsaturated
conditions are consistent with those reported for transport of
the same NRT in the same sand in a prior study.30

PFOA Transport under Saturated Conditions. The
breakthrough curves for transport of PFOA under saturated-
flow conditions exhibit a small magnitude of retardation
compared to the NRT, due to sorption by the sand. The
breakthrough curves exhibit a small degree of asymmetry and
concentration tailing (see Figures 5−7). The transport model
incorporating two-domain nonlinear rate-limited sorption
provides good simulations of the measured data. Comparisons
of simulations including and excluding nonlinear sorption
show that there is minimal impact of nonlinear sorption on the
asymmetry and tailing, indicating that rate-limited sorption is

Figure 3. Air−water interfacial adsorption coefficients (Kia) for mixed
surfactant (PFOA + SDS) solutions as a function of PFOA mole
fraction. The solid curve represents a fit of an exponential function to
the measured values, which is used for visualization purposes.

Figure 4. Breakthrough curves for transport of the NRT in the saturated (SAT) and unsaturated (UNSAT) packed columns. The SDS designations
listed in the legend refer to the experiment for which each tracer test was conducted. No SDS was present in the NRT solutions. The black curves
represent simulations of NRT transport produced with the mathematical model described in the text.
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the primary cause of the nonideal transport. These results are
consistent with prior PFAS transport data.24,30

Retardation factors and Kd values determined from moment
analysis of the breakthrough curves are reported in Table 1.
Notably, the Kd value for PFOA sorption by the sand with no
SDS present is consistent with our prior measurements from
batch and column isotherm experiments.29 In addition, the
results are consistent with those reported by other investigators
who have conducted PFOA transport experiments with PFOA
and the same sand, as discussed in Wang et al.31

The Kd value for PFOA sorption by the sand with SDS = 1
μg/L is the same as that with no SDS present. This indicates

that the presence of very low levels of SDS has no impact on
PFOA sorption. Conversely, the Kd values for PFOA sorption
with SDS present at 10 and 100 μg/L are approximately twice
as large compared to no SDS present, which suggests that there
may be a relatively small degree of enhanced sorption.

PFOA Transport under Unsaturated Conditions.
Breakthrough curves for transport of PFOA under unsaturated
conditions exhibit significantly greater magnitudes of retarda-
tion compared to PFOA transport under saturated conditions
(Figures 5−7). The additional retention is associated with
adsorption at the air−water interface. Greater retardation is
observed for PFOA with increasing concentrations of SDS

Figure 5. Breakthrough curves for transport of PFOA in sand under saturated (SAT) and unsaturated (UNSAT) conditions. SDS is absent from
solution for the first set (SDS = 0) and present in the solution at a fixed concentration of 1 μg/L for the second set (SDS = 1). The curves represent
simulations of PFOA transport produced with the mathematical models described in the text. The simulations presented for unsaturated conditions
represent an independent prediction with all input parameters obtained independently. Only the arrival fronts are presented to focus on the
differences between transport under saturated and unsaturated conditions.

Figure 6. Breakthrough curves for transport of the NRT and PFOA in sand under saturated (SAT) and unsaturated (UNSAT) conditions. SDS is
present in the PFOA solution at a fixed concentration of 10 μg/L. The black curves represent simulations of PFOA transport produced with the
mathematical models described in the text. The simulation presented for unsaturated conditions represents an independent prediction with all
input parameters obtained independently.
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present (see TOC graphic). The retardation factor for PFOA
with SDS = 1 μg/L (R = 2.4) is essentially identical to that for
PFOA with no SDS (Table 1). Additionally, the two
breakthrough curves are essentially coincident (Figure 5).
Conversely, the retardation factor for PFOA with SDS = 10
μg/L is 2.9, measurably larger than that for the experiment
with no SDS. Furthermore, the retardation factor for the SDS
= 100 μg/L experiment is 3.6, still larger than those measured
for the other experiments. The values for the fraction of
measured retention associated with air−water interfacial
adsorption (FAWIA, defined by eq S6 in Supporting
Information) for the four systems range from 0.67 to 0.81,
signifying that air−water interfacial adsorption contributes the
majority of PFOA retention for all cases (Table S2).
The increased retardation observed for PFOA under

unsaturated-flow conditions in the presence of SDS indicates
that the transport of PFOA experiences enhanced retention in
the presence of higher levels of SDS. As discussed in the
preceding subsection, the presence of 10 and 100 μg/L SDS
caused enhanced sorption of PFOA. However, the sorption
was increased by a factor of 2, which would contribute to only
a relatively minor increase in retardation under unsaturated
conditions given that air−water interfacial adsorption contrib-
utes the majority of retention for PFOA transport. Discussion
of the surface-tension data and associated Kia values revealed
greater air−water interfacial adsorption of PFOA in the
presence of higher ratios of SDS. This enhancement provides
the primary source of the increased retardation observed for
PFOA transport under unsaturated conditions.
The impact of enhanced air−water interfacial adsorption can

be examined in more detail by comparing the Kia values
determined from the transport experiments. Air−water
interfacial adsorption coefficients determined from analysis of
the PFOA breakthrough-curve data, as described in Supporting
Information, are reported in Table 1. The Kia value determined
from the transport experiments for PFOA with no SDS present

is 0.0036 cm. This value is statistically identical to transport-
based Kia values measured for PFOA in our prior studies for
the same concentration of 10 μg/L.26,33,46 Specifically,
Brusseau46 reported a mean transport-measured value of
0.0033 (0.0028−0.0038) cm, with the 95% confidence interval
determined from seven measurements. This consistency
illustrates excellent reproducibility of the experiment methods
and analyses.
The Kia value determined from the transport experiments for

PFOA with SDS = 1 μg/L is 0.0036 cm. This indicates that
there is no impact of SDS on air−water interfacial adsorption
during PFOA transport, which is consistent with the surface-
tension measurements. The Kia values for the SDS = 10 and
100 μg/L experiments are 0.0046 and 0.0086 cm, respectively.
These two values are outside of the 95% confidence interval
reported above for PFOA alone. Notably, the two values are
larger than the PFOA-alone value, indicating enhanced
adsorption of PFOA at the air−water interface in the presence
of SDS. Again, this is consistent with the greater surface
activities observed from the constant-ratio surface-tension
measurements.
The Kia value determined from the transport experiment for

PFOA with no SDS present is very similar to the value
determined from the corresponding surface-tension data
(Table 1). This is also the case for the Kia values measured
for the SDS = 1 and 10 μg/L experiments. The consistency of
Kia values measured from transport experiments and surface-
tension data has been demonstrated in our prior studies,24,30,46

as illustrated by the two sets of coincident means and 95%
confidence intervals referred to in the preceding discussion. As
a result of the consistency of the two sets of Kia values, the
predicted retardation factors obtained for PFOA using the
constant-ratio surface-tension data are very similar (within
measurement uncertainty) to the measured values (see Table
1). Conversely, the Kia value for the SDS = 100 μg/L transport
experiment is smaller than the value determined from the

Figure 7. Breakthrough curves for transport of the NRT and PFOA in sand under saturated (SAT) and unsaturated (UNSAT) conditions. SDS is
present in the PFOA solution at a fixed concentration of 100 μg/L. The black curves represent simulations of PFOA transport produced with the
mathematical models described in the text. Three different approaches are used to determine air−water interfacial adsorption of PFOA for the
unsaturated-flow experiment. (1) Dashed yellow curve represents the independently predicted simulation produced with Kia determined from the
constant-ratio surface-tension data. (2) Independently predicted curve produced using the multiple-component Langmuir adsorption model is
identical to the yellow-dashed curve. (3) Solid black curve is produced by scaling the Kia determined from the surface-tension data.
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surface-tension data, and the predicted retardation factor is
much larger than the measured value. This will be discussed in
the following section.
Mathematical Modeling of Transport under Unsatu-

rated Conditions. The simulations produced with the
mathematical model for PFOA transport under unsaturated
conditions with and without SDS provide very good
representations of the measured breakthrough curves. This is
illustrated in Figure 5 for the case with no SDS present and
with SDS present at 1 μg/L and Figures 6 and 7 for the cases
with SDS present at 10 and 100 μg/L, respectively. The mean
R2 value for the simulations is 0.96, and the root-mean-square-
error values were all <0.1. Notably, surfactant-induced flow was
demonstrated to be insignificant for all cases, which was
anticipated based on the experiment conditions (low solute
concentrations). This is consistent with our prior simulations
of miscible-displacement transport data for PFAS.49

Simulations conducted with air−water interfacial adsorption
treated as nonlinear versus linear were essentially identical.
This reflects the fact that the Kia values exhibited minimal
change during transport for all nonlinear simulations cases,
reflecting that the input concentrations used for the experi-
ments are below the critical concentration wherein Kia attains
an essentially constant maximum value.46,50 As a result, air−
water interfacial adsorption is approximately linear for the
conditions of the experiments. This is illustrated by the
observed shapes of the measured and simulated breakthrough
curves. The curves are relatively symmetrical and do not
exhibit any pronounced self-sharpening of the arrival front or
enhanced spreading of the elution front (see Figures 6 and 7).
This is also consistent with prior simulations of PFAS transport
data.30,35,49

The simulations presented in Figures 5 and 6 for PFOA
transport under unsaturated conditions, in the absence of SDS
and in the presence of 1 or 10 μg/L SDS, represent predictions
wherein values for all input parameters were obtained
independently. The good match between independently
predicted simulations and measured data indicates that the
model provides a robust representation of the relevant
processes influencing transport. It also indicates that the
input values are accurate. This includes the use of the
measured surface-tension functions to represent air−water
interfacial adsorption. Hence, these results demonstrate that
surface-tension measurements provided an accurate, robust
representation of surface activity and interfacial adsorption for
transport conditions for these three cases. This is consistent
with the discussion above regarding similarity of transport and
surface-tension-determined Kia values and with our prior
studies of single-solute PFAS transport.30,34,35 Recent dis-
cussion has focused on the magnitude of air−water interfacial
adsorption of PFAS at lower concentrations, with speculation
that Kia values determined from surface-tension data may not
be representative under lower-concentration conditions.51,52

The results of the present study and those of prior recent
studies show that Kia values determined from surface-tension
data are representative of air−water interfacial adsorption for
PFAS transport in unsaturated porous media.26,30,34,35,46

In contrast to the first three cases, the transport of PFOA in
the presence of 100 μg/L of SDS could not be predicted using
the measured surface-tension data. This is shown in Figure 7,
wherein use of the Kia determined from the constant-ratio
surface-tension data results in significantly greater simulated
retention compared to that of the measured. This indicates a

disparity in the characterization of interfacial adsorption
between the batch surface-tension system and the transport
system. Investigating the possible reasons for this disparity
requires an examination of the relative magnitudes of retention
of PFOA and SDS and the resultant potential for differential
transport, that is, chromatographic separation, of the co-
solutes. For example, if two co-solutes have similar magnitudes
of retention, they are anticipated to exhibit relatively
concurrent transport. Conversely, differential rates of transport
and chromatographic separation are expected if they have
significantly different magnitudes of retention. This process
was discussed, for example, with regard to transport experi-
ments conducted for SDS and sodium dodecylbenzenesulfo-
nate transport in quartz sand and sandy soil.38 The occurrence
of differential transport means that the concentrations of both
solutes will differentially change over time and also that the
spatial distributions within the porous medium with respect to
each other will also be variable. In other words, the
concentration ratios of PFOA and SDS are likely to change
with time and location. This dynamic condition would be
difficult to represent by standard surface-tension measure-
ments, either using constant ratios or fixed concentrations of
SDS.
The results of the simulations show that PFOA and SDS

experienced differential transport during the experiments. The
degree of differential transport varied among the three systems,
corresponding to the relative magnitudes of retardation (see
Figure S2 in Supporting Information). This can be readily
discussed in terms of retardation factors. The respective
retardation factors for PFOA and SDS are 2.4−6.2, 2.9−5.2,
and 3.3−4.1 for the SDS = 1, 10, and 100 μg/L experiments,
respectively. Hence, some portion of the leading edge of the
PFOA pulse would have separated from the SDS pulse during
transport. This separation was greatest for the SDS = 1 μg/L
experiment (<50%) and least for the 100 μg/L experiment
(<15%). With these results in mind, the different approaches
for representing air−water interfacial adsorption were inves-
tigated by conducting a series of simulations employing
different inputs for the Kia function for the SDS = 100 μg/L
data.
One approach is to use the multiple-component Langmuir

adsorption model (eq 1). This approach employs the single-
solute surface-tension data measured for PFOA and SDS. The
simulations including multiple-component adsorption were
essentially identical to those produced with the single-
component model for all three PFOA−SDS systems (see
Figure 7 for an example). This indicates that there was no
appreciable impact of standard competitive effects on air−
water interfacial adsorption for any of the three PFOA−SDS
systems. This is consistent with the results of the surface
tensions measured for PFOA with fixed SDS concentrations.
Competitive adsorption is not expected for the low SDS
concentrations employed in the experiments based on the
standard multiple-component Langmuir model. While this
approach was accurate in terms of predicting no competitive
effects, none of which were observed for the measured data, it
clearly fails to predict the enhanced air−water interfacial
adsorption observed for PFOA transport in the presence of
higher SDS concentrations (see Figure 7).
The results presented above demonstrate that the presence

of SDS at the highest concentration had an impact on air−
water interfacial adsorption of PFOA under transport
conditions that could not be predicted based on surface-
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tension characterization. For this system, the surface-tension
function needed to be scaled to produce an effective Kia to
represent the observed enhanced air−water interfacial
adsorption. The multiple-component Langmuir adsorption
model is based on an assumption of no interactions among the
PFOS and SDS monomers in solution or at the interface. Thus,
it does not capture potential synergistic multiple-component
interactions that may impact air−water interfacial adsorption
in a transport system.
Implications. The results of this study provide new insights

into PFAS transport behavior that may be relevant for sites
wherein PFAS and hydrocarbon surfactants co-occur. As
demonstrated herein, the presence of hydrocarbon surfactants
can lead to enhanced PFAS retention, which would reduce
leaching rates in the vadose zone. This in turn would impact
the timescale for PFAS retention in the vadose zone and the
magnitude of mass discharge to groundwater. The impact of
SDS on PFOA adsorption at the air−water interface during
transport could not be predicted based on surface-tension data
for the highest SDS concentration. The results of this study
suggest that it is critical to characterize the concentration
profiles of both PFAS and hydrocarbon surfactants at AFFF
and other sites to improve characterization and modeling of
PFAS migration. Additional research is warranted to
investigate the potential impacts of other hydrocarbon
surfactants on PFOA and other PFAS for a variety of porous
media.
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