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a b s t r a c t

A comprehensive compartment model is presented for PFAS retention that incorporates all potential
processes relevant for transport in source zones. Miscible-displacement experiments were conducted to
investigate separately the impact of adsorption at the air-water and decane-water interfaces on PFAS
retention and transport. Two porous media were used, a quartz sand and a soil, and per-
fluorooctanesulfonic acid (PFOS) was used as the model PFAS. The breakthrough curves for transport
under water-unsaturated conditions were shifted noticeably rightward (delayed arrival) compared to the
breakthrough curves for saturated conditions, indicating greater retardation due to adsorption at the air-
water or decane-water interface. The retardation factor was 7 for PFOS transport in the sand for the air-
water system, compared to 1.8 for saturated conditions. PFOS retardation factors for transport in the soil
were 7.3 and 3.6 for unsaturated (air-water) vs saturated conditions. Air-water interfacial adsorption is a
significant source of retention for PFOS in these two systems, contributing more than 80% of total
retention for the sand and 32% for the soil. For the experiments conducted with decane residual
emplaced within the sand, adsorption at the decane-water interface contributed more than 70% to total
retention for PFOS transport. Methods to determine or estimate key distribution variables are presented
for parameterization of the model. Predicted retardation factors were similar to the measured values,
indicating that the conceptual model provided adequate representation of the relevant retention pro-
cesses and that the parameter estimation methods produced reasonable values. The results of this work
indicate that adsorption by fluid-fluid interfaces in variably saturated porous media can be a significant
retention process for PFAS that should be considered when characterizing their transport and fate
behavior in source zones.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Per- and poly-fluoroalkyl substances (PFAS) have become crit-
ical emerging contaminants of concern. Recent research has shown
that they are widespread in the environment (Rayne and Forest,
2009; Ahrens, 2011; Krafft and Riess, 2015; Cousins et al., 2016).
A lifetime health advisory of 0.07 mg/L was issued by the US EPA in
2016 for the combined total of perfluorooctanesulfonic acid (PFOS)
mental Science Department,
s.
Brusseau).
and perfluorooctanoic acid (PFOA), two primary PFAS of concern,
for long-term exposure through drinking water (EPA, 2016). The
observed concentrations of PFOS and PFOA in groundwater are
often orders of magnitude greater than the health advisory value
(Moody and Field, 1999, Moody et al., 2003; Rayne and Forest,
2009; Ahrens, 2011; Anderson et al., 2016; Cousins et al., 2016).
Thus, the occurrence of PFAS in soil and groundwater and the
resultant potential implications for human exposure are of signif-
icant interest and concern.

Robust determination of the risks posed by PFAS contamination
of soil and groundwater, as well as the development and imple-
mentation of effective remediation strategies, requires an accurate
understanding of PFAS transport and fate behavior in the

mailto:brusseau@email.arizona.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2018.10.035&domain=pdf
www.sciencedirect.com/science/journal/00431354
www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2018.10.035
https://doi.org/10.1016/j.watres.2018.10.035
https://doi.org/10.1016/j.watres.2018.10.035


M.L. Brusseau et al. / Water Research 148 (2019) 41e5042
subsurface. Many of the critical PFAS of concern, such as PFOS and
PFOA, are highly recalcitrant. Hence, retention (phase distribution)
will typically be the primary process influencing transport and fate
of these PFAS. Sorption by the solid phase of porous media is a
primary retention process, and has been a focus of research over the
past decade for PFAS. Solid-phase sorption of PFAS is generally
anticipated to be the sole source of retardation for transport within
groundwater contaminant plumes. However, additional retention
processes are likely to influence PFAS transport in source zones
(Brusseau, 2018; Lyu et al., 2018).

Given that many PFAS of concern are surfactants, adsorption at
the air-water interface is one retention process that may be rele-
vant for PFAS transport in vadose-zone systems. Recent in-depth
characterizations of the occurrence and fate of PFAS at field sites
have demonstrated that vadose-zone sources are a primary sub-
surface reservoir of PFAS, serving as long-term sources to ground-
water (Shin et al., 2011; Xiao et al., 2015; Weber et al., 2017). This
indicates that understanding PFAS transport and fate behavior in
vadose-zone systems is critical. The potential significance of air-
water interfacial adsorption for PFOS and PFOA transport and
retardation was illustrated in recent theoretical and experimental
analyses (Brusseau, 2018; Lyu et al., 2018).

Another set of retention processes that may be relevant for PFAS
transport in source zones is partitioning to bulk phases of immiscible
organic liquids (NAPL) and to interfaces between NAPL and aqueous
solution. It has been demonstrated that PFAS can co-occurwith NAPL
at certain types of sites, such as fire training areas (e.g., Moody et al.,
2003; McGuire et al., 2014). Thus, it is anticipated that NAPL-water
partitioning and NAPL-water interfacial adsorption may influence
PFAS transport and retardation in such settings. The results of a few
prior studies indicate an impact of these processes on PFAS retention
(Chen et al., 2009; Guelfo and Higgins, 2013; McKenzie et al., 2016).
However, the specific, discrete impacts of partitioning versus inter-
facial adsorption were not differentiated. The discrete impacts of
both processes, in addition to air-water interfacial adsorption, was
examined in the recent theoretical analysis by Brusseau (2018).

Current conceptual and mathematical models of PFAS transport
and fate in the subsurface focus on solid-phase sorption as the sole
source of retention. For example, all three of the detailed charac-
terizations of field-scale PFAS transport and fate discussed above
employed this assumption. In addition, this assumption is present
in recent comprehensive reports on PFAS management (CONCAWE,
2017; CRCCARE, 2017; NGWA, 2017). While this approach is suffi-
cient for characterizing transport within groundwater contaminant
plumes, it is likely to be inadequate for representing transport in
source zones.

We present a comprehensive compartment model for PFAS
retention that incorporates all potentially relevant processes.
Methods to determine or estimate key distribution variables are
presented to parameterize the model. The effectiveness of the
model is tested for two specific cases, onewith solid-phase sorption
and air-water interfacial adsorption and another with solid-phase
sorption and adsorption at the NAPL-water interface.

2. Conceptual model and parameter determination

2.1. Conceptual model

Compartment models have long been employed for character-
izing the distribution of contaminants in environmental media. A
modified 14-compartment model was recently developed for PFAS
(NGWA , 2017). It is focused on differentiating the behavior of
anionic, cationic, and zwitterionic species. The model includes
aqueous, sorbed (solid phase), and vapor phases, but does not
include partitioning to NAPL or adsorption at fluid-fluid interfaces.
Brusseau (2018) presented a multi-process conceptual model
for PFAS retention that included adsorption at the air-water inter-
face, partitioning to the soil atmosphere, adsorption at the NAPL-
water interface, and partitioning to NAPL in addition to solid-
phase adsorption. This model is extended herein in terms of a
multi-compartment model as shown in Fig. 1. The compartments
are divided between source zones and plumes in recognition of
differential retention behavior between the two regions. Note that
the source zone includes the vadose zone as well as saturated-zone
regions. Similarly, the plume compartments represent the
groundwater contaminant plume and the vadose-zone region
above the plume. Furthermore, it is noted that the aqueous phase
for both regions includes dissolved PFAS as well as PFAS thatmay be
associated with suspended or dissolved colloidal matter. The pha-
ses are color-coded based on posited likelihood of general
relevance.

The retardation factor (R) for aqueous-phase transport of solute
undergoing retention by all of the processes depicted in Fig. 1 is
given as:

R ¼ 1 þ Kdrb/qw þ Kaqa/qw þ KawAaw/qw þ Kn qn/qw þ KnwAnw/
qw þ KanAan/qw (1)

where Kd is the solid-phase adsorption coefficient (cm3/g), Kn is the
NAPL-water partition coefficient (�), Ka is the air-water partition
coefficient (Henry's coefficient, -), Kaw is the air-water interfacial
adsorption coefficient (cm3/cm2), Knw is the NAPL-water interfacial
adsorption coefficient (cm3/cm2), Kan is the air-NAPL interfacial
adsorption coefficient (cm3/cm2), Aaw is the specific air-water
interfacial area (cm2/cm3), Anw is the specific NAPL-water interfa-
cial area (cm2/cm3), Aan is the specific air-NAPL interfacial area
(cm2/cm3), rb is porous-medium bulk density (g/cm3), qa is volu-
metric air content (�), qn is volumetric NAPL content (�), and qw is
volumetric water content (�). By phase balance, qw þ qa þ qn¼ n,
where n is porosity.

2.2. Parameter determination

The model requires input values for all of the terms in equation
(1) to produce a predicted R. The parameter determination
approach developed herein is designed to provide telescoping
predictions that increase in accuracy based on the level of input
information available to the user. To accomplish this, each input
parameter has multiple source modes, based on estimation
refinement. The highest accuracy mode is the availability of a
measured value. Absent a measured value, relevant methods for
estimation of that specific parameter are used. This approach is
delineated in Table 1.

Multiple methods are available for estimating distribution/
partition coefficients. For example, empirical approaches based on
linear free energy relationships (LFER) and quantitative-structure/
property relationships (QSPR) can be employed to estimate parti-
tion coefficients. In addition, semi-empirical methods such as
UNIFAC and SPARC models are available. These approaches have
been widely used to determine phase-distribution coefficients for
many different compounds, including PFAS (e.g., Arp et al., 2006;
Goss et al., 2006; Bhhatarai and Gramatica, 2011). For example,
Bhhatarai and Gramatica conducted an extensive QSPR analysis for
PFAS, and showed that aqueous solubility, vapor pressure, and CMC
(critical micelle concentration) were all well described by simple
QSPR models. Lyu et al. (2018) presented a QSPR model to predict
air-water interfacial adsorption coefficients for PFAS.

Standard methods widely used to measure or estimate values
for rb, n, qw, qa, and qn can be employed. The estimationmethods for
the other parameters are discussed briefly below.



Fig. 1. Comprehensive compartment model for PFAS retention.

Table 1
Tiered methods for measuring and estimating model input parameters.

Parameter Method 1 Method 2 Method 3

Kd Measured for specific PFAS and soil Estimated using advanced solid-phase adsorption model, with measured soil
components

Estimated using Koc-foc
relationships and measured foc

Kn Measured for specific PFAS and NAPL Estimated using QSPR, SPARC, or equivalent Use measured or estimated Kow

Ka Measured for specific PFAS Estimated using QSPR, SPARC, or equivalent Estimated using aqueous solubility
and vapor pressure

Kaw Measured for specific PFAS and solution Estimated using QSPR relationships Estimated using representative
solute

Knw Measured for specific PFAS and NAPL Estimated using QSPR relationships Estimated using representative
solute

Kan Measured for specific PFAS and NAPL Estimated using QSPR relationships Estimated using representative
solute

Aaw Measured for specific soil at relevant air
saturation

Estimated using an interfacial area prediction correlation and measured solid
surface area, soil texture, and air saturation

Estimated using median grain
diameter correlation

Anw Measured for specific soil at relevant
NAPL saturation

Estimated using an interfacial area prediction correlation and measured solid
surface area, soil texture, and NAPL saturation

Estimated using median grain
diameter correlation

Aan Measured for specific soil at relevant air
and NAPL saturations

Estimated using an interfacial area prediction correlation and measured solid
surface area, soil texture, and NAPL saturation

Estimated using median grain
diameter correlation

rb Measured Estimated from soil type e

qw Measured Estimated from soil type e

qa Measured Determined from qa¼ n-qw-qn e

qn Measured Estimated from soil type e

n Measured Estimated from soil type e

Note: The methods are tiered, with Method 1 providing the greatest accuracy and confidence.
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2.2.1. Solid-phase adsorption (Kd)
Distributed-component sorption models have been used to

provide accurate predictions of Kd for many different compounds of
interest (e.g., Luthy et al., 1997). These models are based on deter-
mining the adsorption potential of the compound for each relevant
component of the soil (organic carbon, oxides, clays, silica), based
on physicochemical properties of the compound. Higgins and Luthy
(2007a,b) developed a mechanistically based model using this
approach to predict the solid-phase sorption of perfluoroalkyl
carboxylates, perfluoroalkyl sulfonates, and linear alkylbenzene
sulfonates. The model included adorption via both hydrophobic
and electrostatic processes and estimates the contribution of each
to the adsorption coefficient using Gibbs free energy terms. The
model was demonstrated to accurately predict the measured Kd
values for all three classes of surfactants tested. This approach is
used for the Method 2 estimation of Kd in Table 1. It requires
knowledge of the soil components and basic physicochemical
properties of the PFAS of interest.

Method 3 estimation is based on simple empirical relationships,
such as Kd¼ focKoc, where Koc is the organic-carbon normalized
adsorption coefficient and foc is the fraction of soil organic carbon.
Koc is obtained either by measurement, from the literature, or by
estimation (such as using Koc-Kow correlations). This approach is
widely used to estimate Kd values for many compounds. However,
it should be used with caution for PFAS, as other components of the
porous media may contribute significantly to adsorption.

2.2.2. Partitioning to NAPL (Kn)
The widely used LFER-based estimation methods noted above is

used for Method 2 in Table 1. The Method 3 approach is based on
using Kow values as a surrogate for Kn. It is cautioned that this
approach may introduce significant additional uncertainty as
measuring Kow values for PFAS is more complex than for typical
organics and the values may not be representative of actual parti-
tioning behavior under relevant subsurface conditions (e.g., Goss
et al., 2006).

2.2.3. Partitioning to air (Ka)
Measured Henry's coefficients are available for a large number

of PFAS (e.g., Ding and Peijnenburg, 2013). Absent measured values,
QSPR and SPARC based-approaches can be employed to estimate
Henry's coefficients for PFAS. This approach is used for Method 2 in
Table 1. The Method 3 approach is based on using reported vapor
pressures and aqueous solubilities to estimate Ka values.
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2.2.4. Interfacial adsorption coefficients (Kaw, Kan, and Knw)
Measured surface-tension or interfacial-tension data can be

used to determine fluid-fluid interfacial adsorption coefficients.
Adsorption at fluid-fluid interfaces is a function of the physico-
chemical properties of the constituent. Thus, QSPR based-
approaches can be used to estimate interface adsorption co-
efficients (e.g., Costanza and Brusseau, 2000). For example, Lyu
et al. (2018) presented a QSPRmodel to predict air-water interfacial
adsorption coefficients for PFAS, as noted above. These methods are
incorporated for Method 2 estimation. Method 3 estimation em-
ploys interfacial adsorption coefficients obtained for surrogate
interface tracers that have been previously reported in the
literature.

2.2.5. Magnitude of interfacial area (Aaw, Aan, and Anw)
Prior research has demonstrated that fluid-fluid interfacial area

is a function of soil properties and conditions, and is operationally
dependent upon the measurement method. Peng and Brusseau
(2005) developed a correlation equation to predict interfacial
area as a function of soil texture:

Ai ¼ s
�
1þ ðaðSwÞÞn

��m (2)

where: n ¼ 1
2�m, a ¼ 14:3 lnðUÞþ 3:72, andm¼

��0:098U þ 1:53
1:2;U <3:5

;U � 3:5 and U is uniformity coefficient (representing soil texture),
Sw is wetting-phase saturation, and s is specific solid surface area.
Interfacial area can be predicted using only three parameters: (1)
specific surface area, which can be measured by N2/BET analysis or
estimated geometrically (s¼ 6(1-n)/d), where d is median grain
diameter), (2) uniformity coefficient, obtained from a simple
particle-size distribution test (sieve analysis), and (3) water satu-
ration. This approach is used for Method 2 estimation.

Method 3 estimation is based on a simplified correlation of
interfacial area to median grain diameter, as observed in several
studies (Cho and Annable, 2005; Brusseau et al., 2009, 2010). For
this approach, Ai is assumed to be a linear function of Sw as
described by:

Ai¼Amax(1-Si) (3)

where Ai is Aaw, Aan, or Anw, Amax is the maximum fluid-fluid
interfacial area associated with vanishingly small Si, and Si is
saturation of the wetting phase. Water is the presumed wetting
phase for all cases except for air-NAPL interfacial adsorption, in
which case NAPL is presumed to be wetting. Amax has been shown
to be a function of inverse grain diameter (Brusseau et al., 2009,
2010). Lyu et al. (2018) presented a regression equation based on
Amax values measured from aqueous interfacial partitioning tracer
tests, which use a surfactant as the interface tracer. It is anticipated
that the interfacial areas measured with this method will be
representative of the effective area influencing transport of many
PFAS. The equation is given as: Amax¼ 3.9 d�1.2, with d the median
grain diameter in cm.

3. Materials and methods for experiments

3.1. Materials

PFOS was selected as the representative PFAS used for the ex-
periments. It was purchased from Sigma-Aldrich (CAS# 1763-23-1,
98%). PFOA (CAS#335-67-1, 98%) was used for a subset of the ex-
periments and was purchased from AIKE Reagent (China). Both
compounds have low vapor pressures and thus partitioning to the
soil-vapor phase will be minimal for the conditions of these ex-
periments (Brusseau, 2018). Pentafluorobenzoic acid (99%) was
used as the nonreactive tracer, and was purchased from Strem
Chemicals (Newburyport MA). This compound is not a PFAS and is
not a surfactant. It has beenwidely used as a non-reactive tracer for
transport studies with a diverse range of porous media.

The experiments conducted with the sand used 0.01M NaCl as
the background electrolyte. A synthetic groundwater solution
(SGW) was used for the experiments conducted with the soil. The
major cations in this synthetic groundwater (and concentration,
mg/L) are Naþ1 (50), Caþ2 (36), Mgþ2 (25), and major anions are
NO3

�1 (6), Cl�1 (60), CO3
�2/HCO3

�1 (133), and SO4
�2 (99). The pH and

ionic strength of the groundwater solution are 7.7 and 0.01M,
respectively. Solutions were prepared using distilled, deionized
water.

PFOA and PFOS input concentrations (C0) of 1mg/L were used
for the air-water miscible-displacement experiments conducted
with the sand. A higher C0 of 10mg/L was used for the experiments
conducted with the soil to reduce overall retention for purposes of
the experimental apparatus discussed below. A C0 of 10mg/L was
also used for the NAPL-water experiments. These concentrations
are in the upper range of PFAS concentrations reported for
groundwater. For example, a concentration greater than 6mg/L was
reported for PFOA at Fallon NAS, and a concentration greater than
2mg/L was reported for PFOS at Tyndall AFB (Schultz et al., 2004).
Given the high concentrations of PFAS reported for soil samples
collected from some field sites, it is likely that concentrations in
soil-pore water will be even higher for some vadose-zone source
zones. For example, PFOS concentrations ranging up to 4 and
36mg/kg were reported for samples collected at two fire-training
areas (McGuire et al., 2014; Baduel et al., 2017).

Commercially available natural quartz sand (Accusand, UNIMIN
Corp.) and a surface soil with moderate organic-carbon content
were used in all column experiments. The sand has a median grain
diameter of 0.35mm and a Uniformity coefficient of 1.1. It has a total
organic carbon content of 0.04%, negligible clay, and Fe, Mn, and Al
oxide contents of 14, 2.5, and 12 mg/g, respectively. The Eustis soil
(siliceous, thermic Psammentic Paleudults) has a median grain
diameter of 0.27mm and a Uniformity coefficient of 2.3. It has a
total organic-carbon content of 0.38%, composed of approximately
37% hard carbon (kerogen and black carbon) and 63% soft carbon
(humic/fulvic acids, lipids). It also contains 1.7% clay mineral con-
tent (essentially all kaolinite), 0.5% feldspar, and Fe, Mn, and Al
oxide contents of 314, 19, and 694 mg/g, respectively.

The columns used in this study were constructed of acrylic or
stainless steel to minimize interaction with PFAS, and were 15 cm
long with inner diameter of ~2.5 cm. Porous plates were placed in
contact with the porous media on the top and at the bottom of the
column to help promote uniform fluid distribution and to support
themedia. Precision HPLC pumps were used to provide fluid flow. A
custom vacuum chamber and vacuum pump system was used for
the majority of the air-water unsaturated-flow experiments. A
high-precision syringe pump was used for introducing decane into
the columns for the NAPL-water experiments. As noted below,
analysis of background samples collected from the column effluent
revealed the absence of any interferences associated with the col-
umn or apparatus for PFAS determination.

3.2. Surface-tension measurements

The surface and interfacial tensions of aqueous PFOS solutions
(with 0.01M NaCl and SGW) were measured using a De Nouy ring
tensionmeter (Fisherscientific, Surface Tensiomat 21) following
standard methods (ASTM D1331- 89). The tensiometer was cali-
brated with a weight of known mass. Each sample was measured
three times with the deviation between measurements less than
0.7%.
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The measured surface and interfacial tensions for PFOS are
presented in Fig. 2. The surface tension for PFOA was reported in
Lyu et al. (2018). The air-water interfacial adsorption coefficient and
the NAPL-water interfacial adsorption coefficient can be deter-
mined from the surface-tension and interfacial-tension functions,
respectively. The surface excess G (mol/cm2) is related to aqueous
phase concentration (C) using the Gibbs equation:

G ¼ � 1
RT

vg

v lnC
¼ KiC (4)

Ki ¼
G

C
¼ �1

RTC
vg

v lnC
(5)

where Ki represents the interfacial adsorption coefficient (in our
case Kaw or Knw, cm), g is the interfacial tension (dyn/cm or mN/m),
C represents the aqueous phase concentration (mol/cm3), T is
temperature (�K), and R is the gas constant (erg/mol �K). The
surface-tension and interfacial-tension datameasured for this work
were analyzed using methods described previously to obtain Kaw
and Knw (Kim et al., 1997; Brusseau et al., 2007, 2015).
3.3. Miscible-displacement experiments

The columns were packed with air-dried sand or soil to obtain
uniform bulk densities. The columns were oriented vertically for all
experiments. Each column was first saturated with water by
introducing water at a low flow rate (~0.05mL/min) into the bot-
tom of the column. Saturated-flow experiments were conducted
with the nonreactive tracer to characterize the hydrodynamic
properties of the packed columns. Experiments were then con-
ducted with PFOA or PFOS to determine the retardation caused by
solid-phase sorption. The experiments were conducted with a flow
rate of 1mL/min, equivalent to a mean pore-water velocity of
~30 cm/h.

To initiate the air-water unsaturated-flow experiments for PFOS,
tubing from the bottom of the column was connected to a vacuum
Fig. 2. Measured surface tensions for PFOS in water with 0.01M NaCl or synthetic ground
chamber that housed a fraction collector to which the column
effluent line was connected. The chamber was connected to a
vacuum pump. A HPLC pump was used to provide constant water
flow to the exposed top of the column. A thin layer of glass beads
was placed on top of the sand surface to help distribute solution
and protect the surface from disruption. Manipulation of the in-
jection flow rate and the magnitude of vacuum provides for
controlled drainage to a selected water content. These methods
have been demonstrated in our prior work to produce uniform
water-content distributions (e.g., Brusseau et al., 2007, 2015). Once
steady state conditions were achieved, miscible-displacement ex-
periments were conducted for the nonreactive tracer and PFOS. The
water saturation was ~0.66. While this apparatus provides for
precise flow control, the sample capacity of the fraction collector
housed in the chamber limits the total length of a single experi-
ment. Thus, higher C0s were used for the experiments to reduce the
overall magnitude of retardation (as PFOS retention via solid-phase
sorption and particularly fluid-fluid interfacial adsorption is
nonlinear), thereby reducing experiment length.

For PFOA, two pumps were connected to the column, one to the
top where solution was injected and one to the bottom where so-
lution was withdrawn. Differential rates of solution injection and
extraction results in a change in water saturation under controlled
conditions. Experiments were conducted for PFOA at a saturation of
0.78. Only arrival waves were measured for the PFOA experiments.
The unsaturated-flow experiments were conducted with a flow
rate of 0.5mL/min, equivalent to a mean pore-water velocity of
~26 cm/h.

For the NAPL-water experiments, decane was first injected into
the top of the vertically oriented water-saturated column for
several pore volumes. Aqueous solution was then injected into the
bottom of the column to displace the free-phase decane, leaving a
residual saturation trapped by capillary forces. Volumes of decane
injected and recovered, as well as changes in mass of the column,
were measured to determine final saturations. Nonreactive tracer
tests were conducted before and after emplacement of the decane
to characterize the impact of NAPL saturation on solute transport.
water (SGW), and measured interfacial tension for PFOS in water with 0.01M NaCl.
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A batch experiment was conducted to measure the distribution
coefficient, Kn, for PFOS partitioning into decane. Three initial
concentrations were used, 2, 20 and 200mg/L. These higher con-
centrations were employed to minimize the contribution of
adsorption at the decane-water interface in the vials, given that Knw

decreases significantly with increasing aqueous concentration (eq
(5)). Calculations revealed that the contribution of adsorption at the
NAPL-water interface was less than 0.5% of total mass balance for
the lowest initial concentration. Given that liquid-liquid parti-
tioning is a linear process, the use of these concentrations to
minimize complications from interfacial adsorption is anticipated
to provide more robust results compared to the use of much lower
concentrations. The experiment was conducted in triplicate, with
accompanying controls containing no decane. A mean Kn of 0.02
was determined from the experiment, with a 95% confidence in-
terval spanning zero. This indicates that there was minimal
measurable partitioning of PFOS into decane for the conditions
employed.

Measured retardation factors were determined for each
miscible-displacement experiment by the standard methods of
calculating the area above the breakthrough curve and by moment
analysis. Their uncertainty, related to uncertainty in concentration
and flow rate, is relatively small for these controlled experiments.
These retardation factors incorporate the contributions of all rele-
vant retention processes influencing transport. Retardation factors
predicted using the methods outlined in the previous section will
be compared to the measured values. The fractions of total reten-
tion for the relevant retention process are calculated to evaluate
their relative significance. This is calculated as follows, using air-
water interfacial adsorption (Fawia) as the example: Fawia ¼
(KawAaw/qw)/(R-1).

A one-dimensional solute-transport model incorporating
nonlinear adsorption was used to simulate the full nonreactive
tracer and PFOS breakthrough curves (e.g., Hu and Brusseau, 1998).
The Peclet number was optimized by curve-fitting to the nonre-
active tracer breakthrough curve. The measured retardation factors
are used to produce predicted breakthrough curves.

3.4. Analytical methods

The nonreactive tracer samples were analyzed by
ultravioletevisible spectrophotometry at 262 nmwavelength. PFOS
and PFOA samples were analyzed by twomethods. The first method
employed High Performance Liquid Chromatography tandem mass
spectrometry. PFOS analysis employed a Waters Alliance 2695 LC
coupled to a Micromass Quatrro Ultima Triple Quadrupole MS
system, using negative electrospray ionization (ESI-). A Thermo-
scientific Betasil™ C18, 2.1 � 150 mm, 5 mm particle size analytical
column was used. Aqueous samples were injected directly, with
injection volumes of 20 mL. Eluents A and B were water þ 5 mM
ammonium acetate and 90% acetonitrile þ 10% water þ 5 mM
ammonium acetate respectively. Elutionwas performedwith a flow
rate of 0.2 mL/min isocratically for 1 min at 20% eluent B and then a
linear gradient to 100% B in 8 min, and finally isocratically for
3 min at 100% eluent B. The columnwas re-equilibrated for 7 min at
initial conditions. Column temperature was maintained at 30 �C.
PFOA was analyzed using an Agilent Model 1100 LC coupled to a
TSQ quantum (Thermo Scientific) tandem MS system. The dual
mobile phase comprised 5 mM ammonium acetate and acetonitrile
applied in a 60:40 gradient at a flow rate of 0.2 mL/min. The
aqueous samples were injected directly, with injection volumes of
2 mL. Retention time was consistently ~4.3 min. The columnwas an
Agilent C18 maintained at 40 �C.

Standard QA/QC protocols were employed. Blanks, background
samples, and check standards were analyzed periodically for each
sample set. The results for the first two were lower than the
quantifiable detection limit. The coefficients of determination (r2)
for the calibration curves were larger than 0.99 and 0.999 for PFOS
and PFOA, respectively. The quantifiable detection limits are ~1 mg/L
for PFOS and ~0.5 mg/L for PFOA. Background aqueous samples
collected from the column effluent before injection of PFAS
revealed no measurable concentrations or other interferences for
all experiments.

The second method employed the methylene blue active sub-
stances (MBAS) assay (e.g., Chitikela et al., 1995). This method was
used for the experiments conducted for the soil and the NAPL-
water system. This is a standard method used to quantify anionic
surfactant concentrations (ASTM D2330-02). It has been used
successfully for determination of PFAS compounds under condi-
tions wherein a single PFAS is present (Sharma et al., 1989; Moody
and Field, 2000). The detailed explanation of the method is pro-
vided in the references cited. The quantifiable detection limit is
~0.4mg/L for PFOS.

4. Results and discussion

4.1. Transport experiments

The transport of the nonreactive tracer was ideal for both
saturated-flow and unsaturated-flow conditions, with sharp arrival
and elutionwaves (minimal spreading), and retardation factors of 1
(see Fig. 3 through 6). The results obtained for the nonreactive
tracer tests indicate that the columns were well-packed and that
water flow was uniform, with no significant preferential flow or
presence of no-flow domains.

The breakthrough curves for PFOS and PFOA transport in the
sand under saturated-flow conditions are presented in Figs. 3 and 4,
respectively. The breakthrough curves are relatively sharp and
symmetrical, consistent with the results of the nonreactive tracer
tests. Measured retardation factors of 1.3 and 1.8 are determined
from the data for PFOA and PFOS, respectively (Table 2). These
translate to Kd values of 0.08 and 0.15 L/kg for PFOA and PFOS,
respectively. The relatively small magnitudes are to be expected
given the nature of the sand. The larger value for PFOS compared to
PFOA is consistent with results reported in the literature. The
retardation factor for PFOS transport in the soil under saturated
conditions was 3.6 (Fig. 5), with a resultant Kd of 0.56 L/kg. The
larger value for the soil compared to the sand is consistent with the
properties of the two media.

The breakthrough curves for the air-water experiments con-
ducted under unsaturated conditions are shifted noticeably to the
right of the breakthrough curves obtained under saturated condi-
tions, indicating greater retardation (see Figs. 3e5). For PFOS
transport in the sand, the retardation factor is 7 for a saturation of
0.66, compared to 1.8 for saturated conditions (Table 2). For PFOA,
the retardation factor is 1.8 for a saturation of 0.78, compared to 1.3
for saturated conditions. The retardation factor for PFOS transport
in the soil under unsaturated conditions (Sw¼ 0.66) is 7.3,
compared to 3.6 for saturated conditions.

The greater retardation observed for unsaturated conditions is
attributable to the impact of adsorption at the air-water interface
on retention. Air-water interfacial adsorption is a significant source
of retention for PFOS and PFOA in these systems, contributing 83
and 53% to total retention, respectively, for the sand, and 32% for
PFOS retention in the soil. The relative contribution of air-water
interfacial adsorption is observed to be lower for the soil, which
is to be anticipated given the greater significance of solid-phase
sorption and the use of a higher C0.

The Kaw values determined from the measured retardation
factors are 0.016 and 0.0026 cm for PFOS and PFOA, respectively, for



Fig. 3. Measured (symbols) and simulated (solid lines) breakthrough curves for transport of a nonreactive tracer (NRT) and PFOS under saturated (SAT) and unsaturated (UNSAT,
Sw¼ 0.66) conditions in the sand. Simulations produced using a model that solves the one-dimensional advective-dispersive solute transport equation incorporating nonlinear
adsorption.

Fig. 4. Breakthrough curves for transport of a nonreactive tracer (NRT) and PFOA under saturated (SAT) and unsaturated (UNSAT, Sw¼ 0.78) conditions in the sand. The lines are for
visualization purposes only. The NRT-SAT and PFOA-SAT data were originally reported in Lyu et al. (2018).
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the sand. These values compare very well to the values determined
from the surface-tension data, 0.02 and 0.0027, respectively. The
Kaw value determined from the measured retardation factor for the
soil is 0.005 cm, which is half of the value determined from the
surface-tension data (0.01).
The breakthrough curves for PFOS transport in the sand with
and without the presence of decane NAPL are presented in Fig. 6.
The breakthrough curves exhibit greater retardation for the col-
umns with decane present (2 versus 1.2). In this case, the additional
retention is attributable to adsorption at the NAPL-water interface.



Table 2
Measured and predicted retardation factors for transport in the air-water systems.

Expt Water Saturation Measured Ra Predicted Rb System

PFOS- Sand 1 1.8 2.2 (1.7e2.6) Air-Water
PFOS- Sand 0.66 7.0 9 (5e13) Air-Water

PFOA- Sand 1 1.3 1.2 (1.1e1.3) Air-Water
PFOA- Sand 0.78 1.8 1.7 (1.5e1.9) Air-Water

PFOS- Soil 1 3.6 e Air-Water
PFOS- Soil 0.66 7.3 9.7c Air-Water

a Determined from analysis of measured breakthrough curve.
b 95% confidence interval in parentheses incorporating combined uncertainty in

Koc, Kaw, and Aaw.
c Confidence intervals not determined.
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The Knw values determined from the measured retardation factors
for PFOS transport are 0.003 and 0.002 cm, which are similar to the
value determined from the interfacial-tension data (0.003).

4.2. Evaluation of model predictions

The surface-tension data reported in Fig. 2 are analyzed to
determine measured Kaw values as explained previously. This is
employing Method 1 in Table 1. Values of 0.0027 (±0.005) and 0.02
(±0.01) cm are determined for PFOA and PFOS, respectively, for a
concentration of 1mg/L. Interestingly, these values are very similar
to those back-calculated from the measured breakthrough curves,
as noted above. This demonstrates that surface-tension data pro-
vide accurate Kaw values for transport applications.

Air-water interfacial areas have been measured in our prior
research for the sand used in this project (Brusseau et al., 2007,
2015). An Amax value of 216 (±17) cm�1 is determined from these
data. Employing the simple estimation method (#3 in Table 1) of
Aaw¼Amax (1-Sw) produces air-water interfacial areas of 73 (0.66)
and 47.5 (0.78) for the water saturations used in these experiments.
The regression equation reported by Lyu et al. (2018) was used to
Fig. 5. Breakthrough curves for transport of a nonreactive tracer (NRT) and PFOS under satu
visualization purposes only.
estimate an Amax value of 297 cm�1 for the soil, which translates to
an Aaw of 102 cm�1 for a water saturation of 0.66.

The simple estimation method (#3 in Table 1) of Kd¼ foc*Koc is
used to estimate Kd values for the sand. Ignoring the contribution of
inorganic soil constituents to PFAS sorption is viable for this case
given the nature of the porous medium. Mean Koc values of 112 and
594 are used based on values reported in the literature for PFOA and
PFOS, respectively (Higgins and Luthy, 2006; Milinovic et al., 2015).
Kd values of 0.045 and 0.238 are estimated for PFOA and PFOS,
respectively, using the reported Kocs and the measured foc. With
measured values for bulk density and water content, predicted
retardation factors can now be determined (Table 2). Inspection of
Table 2 reveals that the predicted retardation factors are similar to
the measured values, with 95% confidence intervals encompassing
the measured values. The similarity of predicted and measured
retardation factors indicate that the model provided adequate
representation of the retention processes for this system.

A good match is observed between the simulations produced
with a solute-transport model incorporating nonlinear adsorption
and the measured PFOS breakthrough curves for the sand (Fig. 3).
For these simulations, the measured retardation factors were used,
alongwith the Peclet Number obtained from the nonreactive tracer.
Thus, no curve-fitting was employed, and the simulations therefore
represent predicted curves. Significant arrival-wave tailing is
observed for PFOS transport in the soil compared to the sand,
indicating the influence of rate-limited mass transfer.

5. Conclusion

Miscible-displacement experiments were conducted to inves-
tigate PFOS and PFOA transport under saturated and unsaturated
conditions. The breakthrough curves for the experiments con-
ducted under unsaturated conditions were shifted noticeably
rightward compared to the breakthrough curves obtained under
saturated conditions, indicating greater retardation. This greater
retardation is due to the impact of adsorption at the air-water
rated (SAT) and unsaturated (UNSAT, Sw¼ 0.66) conditions in the soil. The lines are for



Fig. 6. Breakthrough curves for transport of PFOS in the absence (SAT) and presence of decane NAPL (NAPL, Sw¼ 0.62) in the sand. The nonreactive tracer (NRT) breakthrough curve
shown is in the presence of decane. The lines are for visualization purposes only.
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interface or NAPL-water interface on retention. Air-water and
NAPL-water interfacial adsorption is a significant source of reten-
tion for PFOS and PFOA transport in the systems employed.

Selected methods were used to independently determine Kd,
Kaw, and Aaw values to allow prediction of retardation factors for
PFOS and PFOA. The predicted retardation factors were similar to
the measured values. This demonstrates that the model provided
adequate representation of the relevant retention processes, and
that the parameter estimation methods produced reasonable
values. The model should prove useful for predicting retardation
factors for, and assessing the retention behavior of, PFAS in source
zones.

PFAS consist of hundreds of compounds with different molec-
ular structures, and they therefore comprise a range of physico-
chemical properties. This greatly influences the magnitudes of
distribution coefficients exhibited by individual compounds, and
hence the relative importance of the various retention processes
included in the comprehensive model presented herein. A given
PFAS may not reside in all potential compartments, and different
PFAS may reside in different subsets of compartments. The influ-
ence of PFAS properties on retention is accounted for in the model
through the use of representative distribution coefficients for in-
dividual PFAS of interest, either measured or estimated. For
example, a short-chain PFAS will undergo much less air-water
interfacial adsorption than a longer-chain compound of the same
homologous family in accordance with Traube's rule. This behavior
is reflected in the much smaller Kaw value that would be deter-
mined for the shorter-chain compound from surface-tension
measurements, as demonstrated by Lyu et al. (2018). Use of this
smaller value in the model would produce a smaller retardation
factor for the short-chain compound.

Distribution coefficients are also influenced by properties of the
solution. For example, prior research has demonstrated that both
Kd and Kaw for PFAS are influenced by ionic composition of solution
and by the presence of co-contaminants. In addition, partitioning
behavior for PFAS mixtures may deviate from that of single-
component systems.
The magnitudes of retention and the relative importance of the
various retention processes will also depend upon the magnitudes
of the relevant phases present in the system of interest. The
magnitude of air-water or NAPL-water interface present is the
critical factor for adsorption at fluid-fluid interfaces. This is medi-
ated by properties of the porous medium (texture) and system
conditions (fluid contents). The magnitude of solid-phase adsorp-
tion will be governed by the soil organic-carbon content and, in
some cases, the quantities of other soil constituents (clay minerals,
metal oxides).

In addition, the relative significance of a given retention process
is dependent upon the magnitudes of the other relevant retention
processes. For example, it was observed herein that the relative
contribution of air-water interfacial adsorption to total retention
was less for the soil than for the sand, even though the soil has a
greater magnitude of air-water interfacial area. The lesser relative
significance of air-water interfacial adsorption for the soil was due
in part to the greater magnitude of solid-phase adsorption for the
soil, as well as the use of a larger C0.

The model was tested herein for two-phase conditions repre-
senting a vadose-zone source devoid of NAPL, and a saturated-zone
source containing NAPL. Future research should investigate reten-
tion of PFAS in three-phase systems containing NAPL and air, rep-
resenting a vadose-zone source containing DNAPL. Prior research
has shown that air-water, NAPL-water, and air-NAPL interfaces
occur in such systems (Schnaar and Brusseau, 2006; Carroll et al.,
2015), which would increase the complexity of PFAS retention.
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