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Abstract

Miscible-displacement experiments are conducted with perfluorooctanoic acid (PFOA) to
determine the contribution of adsorption at the air-water interface to retention during transport in
water-unsaturated porous media.. Column experiments were conducted with two sands of different
diameter; at different PFOA input concentrations, water saturations, and pore-water velocities to
evaluate the impact of system variables on retardation. The breakthrough curves for unsaturated
conditions exhibited greater retardation than those obtained for saturated conditions,
demonstrating the significant impact of air-water interfacial adsorption on PFOA retention.
Retardation was greater for lower water saturations and smaller grain diameter, consistent with the
impact of system conditions on the magnitude of air-water interfacial area in porous media.
Retardation was greater for lower input concentrations of PFOA for a given water saturation,
consistent with the nonlinear nature of surfactant fluid-fluid interfacial adsorption. Retardation
factors predicted using independently determined parameter values compared very well to the
measured values. The results showed that adsorption at the air-water interface is a significant
source of retention for PFOA, contributing approximately 50 to 75% of total retention, for the test
systems. The significant magnitude of air-water interfacial adsorption measured in this work has
ramifications for accurate determination of PFAS migration potential in vadose zones.
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PFOA transport under water-unsaturated conditions
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1. Introduction

The use of per- and poly-fluoroalkyl substances (PFAS) in numerous industrial, commercial,
and military applications has resulted in their widespread distribution in the environment
(cf., 1-4). Numerous reports have demonstrated the presence of PFAS in soil and
groundwater at fire-fighting training sites, manufacturing sites, and airports (1,2,4-9).
Perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) are two primary
PFAS of concern. The PFOS and PFOA concentrations observed at many of these sites
exceed the lifetime health advisory of 0.07 pg/L (combined total) that was recently issued
for long-term exposures to PFOA and PFOS through drinking water (10).

The risk posed by PFAS contaminated sites, as well as the effective remediation of such
sites, is mediated by the transport and fate behavior of PFAS in the subsurface. Sorption of
PFAS by the solid phase of geologic media is one phase-distribution retention process that
can have significant impact on PFAS transport and attenuation. The sorption behavior of
PFAS in geomedia has been investigated in several studies conducted over the past decade
(e.0., 11-24). There exist however additional retention processes that need to be evaluated
for their potential significance to PFAS retention and transport in the subsurface (24).

Recent detailed assessments of PFAS occurrence and fate at field sites have demonstrated
that vadose-zone sources are a primary subsurface reservoir of PFAS, serving as long-term
contaminant sources to groundwater (25-27). Hence, it is critical to examine the retention
and transport behavior of PFAS in water-unsaturated porous media. One primary retention
process for unsaturated systems is adsorption at the air-water interface. Several
investigations have demonstrated its significance for retarding the transport of both non-
surfactant (28-32) and surfactant constituents (e.g., 33-41). PFOS, PFOA, and related PFAS
are surfactants and will accumulate at air-water interfaces. Research conducted for chemical
and water-treatment applications has illustrated the strong air-water interfacial activity of
PFOS and PFOA (e.g., 42-48). Thus, it is anticipated that adsorption to air-water interfaces
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may be a significant retention mechanism for transport of select PFAS in the vadose zone
(24). However, to our knowledge, the specific impact of air-water interfacial adsorption on
PFAS transport in unsaturated porous media has not yet been investigated experimentally.

The objective of this research is to conduct an initial investigation of the contribution of
adsorption at the air-water interface to PFAS retention during transport in water-unsaturated
porous media. PFOA is selected as the representative PFAS, and experiments are conducted
with two natural sands of different particle diameter. Column experiments are conducted at
different PFOA input concentrations, water saturations, and pore-water velocities to evaluate
the impact of system variables on retardation and transport of PFOA. Independent
measurements of air-water interfacial retention variables are used to determine predicted
retardation factors, which are then compared to the measured values. Surface-tension data
collected from the literature for a homologous series of perfluorocarboxylates are used to
calculate air-water interfacial adsorption coefficients to investigate their dependency on
chain length.

Materials and Methods

Materials

PFOA (CAS#335-67-1) of 98% purity was purchased from AIKE Reagent (China). Sodium
perfluorooctanoate (CAS#335-95-5) was also used in surface tension comparisons. Sodium
chloride (NaCl, 0.01 M) was used as the background electrolyte solution for all surface-
tension and miscible-displacement experiments. Solutions were prepared using distilled,
deionized water. PFOA input concentrations (Cg) of 0.01, 0.1, and 1 mg/L were used for the
miscible-displacement experiments. The 1 mg/L concentration represents the upper range of
PFOA concentrations reported for groundwater, with for example, a value of >6 mg/L
reported for Fallon NAS (6).

The surface tension of aqueous PFOA solutions (with 0.01 M NaCl) was measured using a
De Nouy ring tensionmeter (Fisherscientific, Surface Tensiomat 21) following standard
methods (ASTM D1331- 89). The tensiometer was calibrated with a weight of known mass.
Each sample was measured three times with the deviation between measurements less than
0.7%. Two separate sets of measurements were conducted at different dates. In addition, a
third set of measurements was conducted using a Kino automatic surface tensionmat
employing the Wilhelmy plate method. Each sample was measured three times with the
deviation between measurements less than 0.3%. Surface tension was also measured for Na-
PFOA in DI water using the De Nouy ring tensiometer.

Surface-tension data for a C6-C11 homologous series of sodium perfluoroalkyl carboxylates
were reported by Lunkenheimer et al. (45). Analysis of these data, shown in Figure S1 of
Supporting Information (SI), provides an opportunity to determine K; values for a series of
PFAS. These data are used to evaluate the influence of chain length on air-water adsorption
potential. Surface-tension data for PFOS were reported by Vecitis et al. (43). These data are
used to determine a K value for comparison to the perfluoroalkyl carboxylate data.
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Two porous media were used for the miscible-displacement experiments. The first is a 16/18
mesh natural quartz sand ranging in size from 1.0 to 1.3 mm with mean diameter of 1.2 mm.
The second is a 40/50 mesh natural quartz sand with mean diameter of 0.35 mm. These
media, which are anticipated to exhibit ideal and relatively low magnitudes of solid-phase
adsorption, were selected specifically to focus on the impact of air-water interfacial
adsorption.

The columns used in this study were constructed of acrylic to minimize interaction with
PFOA, and were 15 cm long with inner diameter of 2.0 cm. Flow distributors 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 the media. Peristaltic pumps (BT100-02, Baoding
Qili Precision Pump Co., Ltd, China) were used to provide fluid flow. As noted below,
analysis of background samples collected from the column effluent revealed the absence of
any interferences associated with the column or apparatus for PFOA determination.

The miscible-displacement experiments were conducted using methods we have used
previously in numerous prior studies (e.g., 28,38,40). These methods have been
demonstrated to produce steady-state water flow and uniform distributions of water
saturation for unsaturated conditions (cf., Brusseau et al. (38)). For each experiment, the
column was packed with air-dried sand to a uniform bulk density. The column was then
saturated with aqueous solution and weighed to determine porosity. Column dead volume
was measured to determine the effective resident pore volume of the sand pack. The
columns were oriented vertically for all experiments. All experiments were conducted at
room temperature (25+1°C).

Preliminary tests were conducted with a nonreactive tracer solution (pentafluorobenzoic
acid) to ensure that the columns were packed well and to characterize hydrodynamic
conditions. Experiments were conducted with PFOA under saturated conditions to determine
the impact of solid-phase adsorption on retardation and transport. Experiments were then
conducted under unsaturated conditions to determine the additional impact of air-water
interfacial adsorption. Nonreactive tracer tests were conducted at each selected water
saturation.

Two pumps were connected to the system for the unsaturated flow experiments, one to each
end of the column. To prepare for an unsaturated-flow experiment, the water-saturated
column was first partially drained to the target water content. Differential rates of solution
injection and extraction results in a change in water saturation under controlled conditions.
Electrolyte solution was injected at a specified flow rate to the top of the column while the
pump connected to the bottom end was used to withdraw solution at a higher flow rate. Once
the target water saturation was achieved (as determined by monitoring column mass), the
two pumps were set to the same flow rate. This setup produced constant flow rates, as
determined by weighing each effluent sample (mean coefficient of variation, COV, = 4%).
Experiments were conducted at three different water saturations for each sand.
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Additional experiments were conducted for the 0.35 mm sand to examine the impact of
system conditions on retardation. Most experiments were conducted at flow rates equivalent
to mean pore-water velocities of ~30 cm/h. Experiments were also conducted at 17, 69, and
137 cm/hr to test for potential impacts of rate-limited mass transfer. Conditions for all
experiments are presented in Table 1.

Samples of column effluent were collected in polypropylene tubes and analyzed
immediately after collection. PFOA was analyzed by high-performance liquid
chromatography (Agilent Model 1100, USA) and tandem mass spectrometry (TSQ quantum,
Thermo Scientific, USA), i.e., LC-MS/MS. The column was an Agilent C18 maintained at
40 °C. 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 L. Retention time was consistently ~4.3 min. MS/MS
conditions were as follows: ionization mode: ESI-; capillary temperature: 300 °C; nebulizer
temperature: 300 °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 calibration curve attained a
coefficient of determination (r2) larger than 0.999. The quantifiable detection limit was ~0.5
ug/L. Background aqueous samples collected from the column effluent before injection of
PFOA revealed no measurable PFOA concentrations or other interferences for all
experiments.

Data Analysis

Measured retardation factors were determined for each miscible-displacement experiment by
the standard method of calculating the area above the breakthrough curve. Their uncertainty
is very small (total uncertainty for the measured Rs are <2%), related to uncertainty in
concentration and flow rate, which is small for these controlled experiments. These
retardation factors incorporate the contributions of all relevant retention processes
influencing transport. The retardation factor for aqueous-phase transport of solute
undergoing retention by solid-phase adsorption and air-water interfacial adsorption is given
as (34-38):

R =1+ Kyp/0,+ K,A.M0, 1

ar ar -~ w

where Ky is the solid-phase adsorption coefficient (cm3/g), Ky is the air-water interface
adsorption coefficient (cm3/cm?), A; is the specific air-water interfacial area (cm2/cm3), py,
is porous-medium bulk density (g/cm3), and 6,y is volumetric water content (volume of
water per volume of porous medium, -). By phase balance, 6,, + 6, = n, where 6, is
volumetric air content (=) and n is porosity. Water saturation is defined as Sy, = 6,,/n. The
fraction of the measured total retention associated with adsorption at the air-water interface
is determined as:

Fawia = [R=1) = (K4p/0,)|/[R-1] 2
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Measured K,; values are determined from the miscible-displacement experiments by
rearranging equation 1, with R obtained from analysis of the breakthrough curve and all
other variables determined independently.

The air-water interface adsorption coefficient, Kj;, can also be determined from the surface
tension function (e.g., 34-38). The surface excess 7" (mol/cm?) is related to aqueous phase
concentration (C) using the Gibbs equation (e.g., 34,35,37):

_—1 oy
I'=RT5Inc

=KC 3

-1 ady
Ki=C=TRTC ainC 4

where K; represents the interfacial adsorption coefficient (in our case K, cm), 7y is the
interfacial tension (dyn/cm), C represents the aqueous phase concentration (mol/cm3), and R
is the gas constant (erg/mol °K). The surface-tension data (Figure 1) were analyzed using
methods described previously to obtain Kg; (34—38). This involves determining the local
slope of the 0y/dInC function at the selected solute concentration and applying equation 4.
In this case, 1 mg/L is used to match the highest Cg used in the miscible-displacement
experiments. Determination of Kj; is problematic for significantly lower concentrations due
to insensitivity of the surface-tension function at those concentrations. K,j values determined
from the surface-tension data will be compared to those determined from the transport
experiments. Kg; values were also determined from the surface-tension data reported for the
C6-C11 perfluoroalkyl carboxylate homologues and for PFOS to conduct a comparative
analysis of molecular-structure effects.

Predicted retardation factors were calculated to compare to the measured values determined
from the miscible-displacement experiments. Predicted values were determined using
equation 1 as follows. Bulk density, porosity, and water content are known for each
experiment. Measured Ky values are known from the column experiments conducted under
saturated flow. Independent measurements of air-water interfacial area for 0.35-mm sand
were obtained in prior experiments conducted using the standard aqueous interfacial
partitioning tracer test method (40). However, measured values are not necessarily available
for each specific water saturation employed for the PFOA experiments. A, values can be
estimated for any specific water saturation using the following:

A= (1-S,)A 5

max

where Anay is the maximum specific air-water interfacial area, determined or extrapolated at
vanishing small Sy, (e.g., 49). An Apax Value of 216 (x17) is determined for the 0.35-mm
sand from the data presented in Brusseau et al. (40). The robustness of this value is
supported by the observation that very similar A,y Values have been reported for ~0.35-mm
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silica sand using different measurement methods, including surfactant mass-balance (Amax =
210, Schaefer et al., 37), gas-phase interfacial partitioning tracer (Amax = 200, Sung et al.,
50), and dual-surfactant aqueous interfacial partitioning tracer (Amax = 217, Brusseau et al.,
40) methods. No data are available for the 1.2-mm sand. Hence, an empirical correlation
based on measured air-water interfacial area data reported in the literature was used to
provide an estimated Apax Value. The following equation was obtained: Apay = 61.3d712 (n
=7,12=0.97), where d is median grain diameter, using reported data for silica sands
(35,37,38,40,50). An Apax 0f 50 cm™1 is obtained for the 1.2-mm sand using the regression.

Results and Discussion

Surface Tensions

The surface tension data for PFOA are presented in Figure 1. \ery good consistency is
observed among the three sets of measurements, conducted at different times using two
different methods. The CMC occurs at approximately 4200 mg/L (~0.01 mol/L), with an
associated surface tension of ~14 dyne/cm). These values are consistent with those reported
in the literature (42,43). Analysis of the surface-tension data produced a K value of 0.002
(x0.0005) cm for PFOA in the 0.01 M NaCl background electrolyte solution. The surface
tensions for the sodium perfluoroalkyl carboxylate C6-C11 homologues are shown in Figure
S1 of the SI. It is observed that the surface-tension data measured in this work for Na-PFOA
matches very well with the literature data sets.

Transport and Retardation

Transport of the nonreactive tracer was ideal for saturated-flow conditions, with sharp arrival
and elution waves (minimal spreading), and retardation factors of 1 (see Figure S2 in Sl for
the 0.35-mm sand). A simulated curve produced using the ideal advection-dispersion
equation matches the measured breakthrough curve (BTC) quite well. The Peclet Number
obtained for the simulation is 65, which corresponds to a longitudinal dispersivity of 0.2 cm.
This very small value is consistent with the ideal transport behavior observed for the
nonreactive tracer. Breakthrough curves for unsaturated-flow conditions exhibit slight
additional spreading, as would be expected for unsaturated conditions. However, this is
relatively insignificant, as the breakthrough curves exhibit generally ideal behavior overall.
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 PFOA transport in the 0.35 and 1.2 mm sands are presented in
Figures 2 and 3, respectively, for selected experiments. The BTCs for the saturated-flow
experiments are relatively sharp and symmetrical, consistent with the results of the
nonreactive tracer tests. Ky values of 0.08 and 0.015 are determined from these experiments
for the 0.35 and 1.2 mm sands, respectively (Table 1). These relatively small magnitudes are
to be expected given the nature of the porous media used, silica sand with very low organic-
carbon and metal-oxide contents, and no clay minerals.
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The BTCs for the unsaturated-flow experiments are shifted noticeably to the right of the
saturated-flow BTC for the 0.35-mm sand, indicating greater retardation (Figure 2). For
example, the retardation factor is 2.0 for a saturation of 0.68, compared to 1.29 for the
saturated conditions (Table 1). Similar results are observed to a lesser degree for the 1.2-mm
sand (Figure 3). Retardation is observed to increase progressively for smaller PFOA input
concentrations for the 0.35-mm sand (Figure 4), with retardation factors increasing from 2.0
to 2.4 to 2.8 (Table 1). The greater retardation observed for unsaturated conditions is
attributable to the impact of adsorption at the air-water interface. These results are consistent
with those obtained for transport of a hydrocarbon surfactant, sodium
dodecylbenzenesulfonate, under unsaturated conditions (34,38,40).

Reasonable reproducibility for unsaturated-flow experiments is exhibited for the 0.35-sand
(experiments 1-3), with a resultant COV of 2.4% for the retardation factor. Monitoring of
the masses of the effluent samples revealed low temporal variability (COV=4%) and no
significant differences in flow rate before and after arrival of the PFOA BTC. This indicates
that there was no measurable surfactant-induced drainage for these experiments. This is
consistent with expectations, given the use of low PFOA concentrations with respect to the
surface-tension function, which produced at most ~3% reduction in surface tension.

Measured retardation factors for all experiments are reported in Table 1. Retardation
increased with decreasing water saturation for both media. This is consistent with the
standard behavior of unsaturated porous media wherein total (capillary + film) air-water
interfacial area increases continuously with decreasing saturation, as has been demonstrated
in numerous experimental and modeling studies (e.g., 34-38,51-58).

Inspection of Table 1 shows that retardation factors are lower for the larger diameter sand.
For example, the mean value for the 0.35-mm sand is 2.0 for Sy, = 0.68, compared to 1.23
for the 1.2-mm sand at S,,=0.65. This behavior is consistent with the impact of grain size on
the magnitude of air-water interface, wherein larger-diameter media comprise smaller
interfacial areas at equivalent water saturations (e.g., 35,49,55,57,59-61). It also reflects the
smaller magnitude of solid-phase adsorption for the larger-diameter sand.

As noted, PFOA retardation was greater for lower input concentrations, with retardation
factors increasing from 2.0 to 2.4 to 2.8 for Cps of 1, 0.1, and 0.01 mg/L, respectively
(experiments 10-12 in Table 1). This is consistent with the nonlinear nature of surfactant
fluid-fluid interfacial adsorption. The corresponding measured K; values determined from
the retardation factors are 0.0021, 0.0027, and 0.004 cm for Cps of 1, 0.1, and 0.01 mg/L,
respectively. To our knowledge, these represent the first such values for a PFAS measured
under transport conditions. The Kj; value determined from the Co=1 mg/L miscible-
displacement experiment is essentially identical to the value determined from the PFOA
surface-tension data (K;; = 0.002 cm). This indicates that use of surface-tension data to
determine Kj; values is an effective approach for PFAS, consistent with prior observations
for hydrocarbon surfactants. Combining the Kj; values from miscible-displacement and
surface-tension data provides a means to examine the concentration dependency of Ky, as
presented in Figure S3. It is observed that K;; values decrease as concentrations increase,
consistent with nonlinear adsorption behavior.
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The fraction of total retention associated with air-water interfacial adsorption can be
determined by subtracting the contribution of solid-phase adsorption from the total measured
retention (eq. 2). The results show that adsorption at the air-water interface is a significant
source of retention for PFOA, contributing approximately 50 to 75% of total retention (Table
1). This is consistent with the results of prior research conducted for transport of
hydrocarbon surfactants and other contaminants in unsaturated media (28,29,30,32,38,39).

Prediction of Retardation

As discussed in the Methods section, PFOA retardation factors can be predicted for the
unsaturated conditions using eq. 1 because values are known for all variables. Predicted
retardation factors are presented in Table 1 for the Cy = 1 mg/L experiments only, given the
uncertainty associated with using surface-tension data for K; determination at very low
concentrations. Note that the values in parentheses represent the 95% confidence intervals
for combined error propagation for uncertainty in Kgj and A, values. The predicted values
are statistically identical to the measured retardation factors for four of the five 0.35-mm
sand experiments conducted under standard conditions (experiments 1-5), and very close for
the fifth. They are also statistically identical for the 1.2-mm sand for the two higher water
saturations (experiments 1-2). The concordance of predicted and measured values
demonstrates that the impact of air-water interfacial adsorption is predictable as well as
quantifiable for this system. In addition, it indicates that both air-water interfacial adsorption
and solid-phase adsorption can be treated as effectively instantaneous processes under the
extant conditions.

The impact of pore-water velocity was evaluated by conducting three experiments with
velocities 0.5, 2, and 4.5 times larger than the standard velocity (experiments 7, 8, and 9 in
Table 1). The measured retardation factor for the experiment conducted with a mean pore-
water velocity half of the standard velocity is very similar to the measured R for the standard
velocity (compare experiments 5 and 9) for similar water saturation. In addition, as noted
above, it is observed that the predicted R values are similar to the measured R values for all
standard-condition experiments. These results indicate that both solid-phase adsorption and
air-water interfacial adsorption can be treated as essentially instantaneous under these
conditions. It should also be noted that the mean pore-water velocities for the standard-
condition unsaturated-flow experiments are larger than the velocity for the saturated-flow
experiments (see Table 1). Thus, the significantly greater retardation observed for the
unsaturated-flow experiments cannot be due to differential preferential-flow or rate-limited
mass-transfer conditions between the saturated and unsaturated systems.

The measured retardation factors are somewhat smaller than the predicted values for the two
experiments conducted at the fastest pore-water velocities (experiments 7 and 8). This may
indicate that solid-phase adsorption and/or mass transfer to the air-water interface became
rate-limited under the reduced residence times associated with the larger pore-water
velocities. In addition, it is possible that interface mobility became an issue at the higher
pore-water velocities, which would result in a reduced impact of interfacial adsorption on
retardation (52).
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The measured retardation factor is smaller than predicted for the 1.2-mm sand experiment
conducted at the lowest water saturation of 0.35 (experiment 3). The BTC for this
experiment exhibits greater spreading than the BTCs obtained for higher water saturations
(Figures 2 and 3). This is indicative of the impact of disconnected flow paths associated with
the relatively low water content. Under such conditions, the injected aqueous PFOA solution
likely does not contact all of the air-water interface present, effectively reducing the
magnitude of air-water interfacial retention. Such behavior has been observed for transport
of hydrocarbon surfactant at low water saturations (e.g., 38,52).

Influence of Chain Length & QSPR Analysis

It has long been recognized that the surface activity of hydrocarbon surfactants is a function
of chain length. This behavior has also been observed for PFAS (e.g., 45,46,48). For
example, Lunkenheimer et al. (45) determined standard free energies of interfacial
adsorption from surface-tension data measured for a homologous series of sodium perfluoro-
n-alkanoates (data reproduced in Figure S1), and demonstrated a strong correlation of the
energies to chain length. Hence, it is to be expected that the magnitude of the air-water
interfacial adsorption coefficient would also correlate to chain length. The surface-tension
data in Figure S1 were analyzed herein to determine K;; values. As depicted in Figure 5, an
excellent linear relationship exists between log K, and chain length.

The linear log K,j-chain length relationship translates to a nonlinear relationship between
log retardation factor and chain length (Figure 5). It is observed that, for this series of PFAS
and extant conditions, retardation factors are appreciably greater than 1 only for chain
lengths of 8 and greater. Retardation factors in the 100s are projected for the longer-chain
homologues.

Correlations to chain length are generally accurate only for a given homologous series. For
example, the log K value for PFOS does not fall on the regression line (Figure 5). An
effective way to account for differences in molecular structure is to use quantitative
structure—property relationship (QSPR) analysis. QSPR is routinely used to examine
correlations between properties such as aqueous solubility and molecular properties.
Brusseau and colleagues, for example, used QSAR to analyze the influence of molecular
structure on solid-phase sorption by geomedia (62,63). Bhhatarai and Gramatica conducted
an extensive QSPR analysis for PFAS (64). They showed that aqueous solubility, vapor
pressure, and CMC (critical micelle concentration) were all well described by simple QSPR
models.

QSPR analysis is applied to the K,; data reported in Figure 5 for the homologous series and
for PFOS. Excellent correlation of log Ky to the molecular descriptor 3X is observed (Figure
6). This particular descriptor characterizes molecular connectivity and branching. It is of
note that the data point for PFOS is well described by the correlation obtained for the
perfluoroalkyl carboxylates. This correlation provides a means to estimate K values for
different PFAS.
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Implications

Current published conceptual and mathematical models of PFAS transport and fate in the
subsurface focus on solid-phase adsorption as the sole source of retardation. For example, all
three of the recent detailed assessments of field-scale PFAS fate cited above employed this
assumption. In addition, this assumption is used in recent comprehensive reports on PFAS
management (65,66). The results of the research reported herein demonstrate that adsorption
at the air-water interface can be a significant source of retention and retardation for PFAS
transport in unsaturated porous media. Hence, retention and retardation in vadose-zone
source areas may be substantially greater than what is typically estimated. This has
significant ramifications for example for accurate determination of the migration potential of
PFAS in vadose-zone sources and the magnitude of mass flux to groundwater. In addition,
calculations of contaminant mass residing in vadose zones based on aqueous-concentration
measurements would also be influenced by the existence of this additional retention process,
with the potential for appreciable underestimation. Both of these elements have implications
for risk assessment and remedial-action decision-making.

The results of the present study indicate that air-water interface adsorption should be
considered when assessing PFAS transport and fate in the subsurface. The porous media
used for this work were specifically selected to minimize the contribution of solid-phase
sorption to retardation so as to focus on air-water interfacial adsorption. As demonstrated
herein, the relative contribution of air-water interfacial adsorption to overall PFAS
retardation will depend on the properties of the specific PFAS and its concentration,
properties of the geomedia (magnitude of potential interfacial area, solid-phase adsorption
potential), and system conditions (water saturation).
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Figure 1.

Measured surface tension for PFOA in 0.01 M NaCl electrolyte solution.
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Figure2.

Breakthrough curves for PFOA transport in the 0.35-mm sand; Cy = 1 mg/L. Values in the
legend refer to water saturation.
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Figure 3.
Breakthrough curves for PFOA transport in the 1.2-mm sand; Cp = 1 mg/L. Values in the

legend refer to water saturation.
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Figure 4.
Breakthrough curves for PFOA transport in the 0.35-mm sand for different input (Cgp)

concentrations. Water saturation is 0.68.
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Figure5.
Correlation of air-water adsorption coefficient (K,;) and Retardation Factor (accounting

solely for air-water adsorption) versus carbon chain length for a homologous series of
sodium perfluoroalkyl carboxylates. A K;; value for PFOS is included for comparison. Ky;
values are calculated for [PFAS] = 1 mg/L. Representative values measured for the 0.35-mm
sand are used to calculate R (8, = 0.23; Aj; = 73 cm™1). Regression equation: log K, = 0.56
-Cn-7.5,12=0.996.
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QSPR analysis of log K;; for a homologous series of sodium perfluoroalkyl carboxylates and
for PFOS. Regression (not including PFOS): log K = 0.36 - 3X - 7.1, r2 = 0.996. Values of
3X reported in (64).
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Table 1.
Measured and Predicted Retardation Factors.
Expt Satvxerﬂglairon Mea;ured FAWIAa Predicted Rb Notes
0.35-mm Sand
Sat 1 1.29 - - v =27 cm/h;
Kq=0.08
1 0.688 1.96 053 | 1.99 (1.83-2.18) V=37 em/hi€
2 0.680 2.05 057 | 202(185-222) | g C_ 5091 06.207)
3 0.683 2.04 057 | 2.00 (1.83-2.20) cov?= 2 4%
4 0.865 1.68 047 | 1.55(1.49-1.61)
5 0.760 1.85 052 | 1.78 (1.67-1.92)
7 0.770 1.60 037 | 1.74(1.65-1.88) v =69 cm/h
8 0.775 1.52 028 | 1.72 (1.62-1.85) v =137 cm/h
9 0.770 1.91 056 | 1.76 (1.65-1.88) v =17 cm/h
10 0.670 2.30 0.65 - Co=0.1mg/L
1 0.680 241 0.68 - Co=0.1mg/L
12 0.680 2.80 0.75 - Co=0.01 mg/L
1.2-mm Sand
Sat 1 1.06 - - Kq=0.015
1 0.800 1.16 0.55 | 1.14 (1.12-1.16)
2 0.650 1.21 057 | 1.23(1.18-1.28)
3 0.350 1.26 0.36 | 1.64(1.49-1.82)

a . - ) I - - -
FAWIA = fraction of total retention associated with air-water interfacial adsorption

95% confidence interval in parentheses incorporating combined uncertainty in Kaj and Agj

cMean of experiments 1-3

dCoefficient of variation for experiments 1-3

e . .
Mean pore-water velocity for all unsaturated-flow experiments except as noted.
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