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ABSTRACT

Transport of ten perfluoroalkyl acids (PFAAs) was studied with one-dimensional (1-D) saturated
column experiments using four soil types with an organic carbon fraction (foc) range of ~0-0.045.
Columns were operated under conditions relevant to aqueous film-forming foam (AFFF)-impacted fire
protection training areas to determine the ability of equilibrium transport parameters to describe 1-D
PFAA transport, if rate-limited sorption influences PFAA transport, and if kinetic parameters can be
used to evaluate factors causing rate-limited sorption. Results of initial screening of PFAA
breakthrough found that over half of the breakthrough curves deviated from equilibrium transport and
merited further investigation. Subsequent analysis showed that, in many cases, these deviations could

be accounted for by considering the range of applicable equilibrium Kq values (i.e. based on standard
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deviation) applicable to the solid phase. Thus, transport of the majority of PFAAs in 3 soils with foc of
0-0.017 was not impacted by rate-limited sorption. Further, low sorption led to transport that was
essentially simultaneous for the majority of PFAAs in these porous media. Exceptions were observed
for long-chain PFAAs, and also in a fourth soil with foc of 0.045, which indicated the potential for rate-
limited sorption to impact transport in some scenarios. Subsequent flow interruption experiments
isolating kinetic behavior confirmed rate-limited sorption caused nonequilibrium transport. Linear free
energy relationships (LFERs) developed in previous work to predict the inverse relationship between
mass transfer coefficients (k) and sorption parameters (i.e., Kq) were used to estimate values of k for
PFAAs in this study. Resulting k values were 107 to 108 h'!, consistent with previously measured
kinetic parameters for other polar and anionic compounds. Models incorporating estimated k values
resulted in improved predictions of breakthrough observed in nonequilibrium scenarios (R? 0.83-0.98),
but k values will require further validation prior to broader application. This work illustrates rate-
limited sorption considerations are needed to describe 1-D column saturated transport for some PFAAs
and solid phases. At field scales, subsurface heterogeneity and PFAA precursor transformation may be
equally or even more important in determining saturated PFAA transport, but kinetic parameters in this

study may help to determine relative contributions of rate-limited sorption to overall transport.
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1. INTRODUCTION

Poly- and perfluoroalkyl substances (PFASs) have been manufactured and used in a variety of industrial
and consumer products and processes since the early 1960s, including fluoropolymer manufacturing,
nonstick coatings and a special class of firefighting foam known as aqueous film-forming foam
(AFFF).! Designed for fighting fuel fires, AFFF is often utilized by fire-fighting facilities, the
hydrocarbon industry, and the military.”> In May 2016, the Environmental Protection Agency (EPA)
issued drinking water health advisories of 0.07 ug/L for the sum of two PFASs: perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS).** Such low advisories are driven by concerns
regarding human health risks to the developing fetus along with potential links to cancer and toxicity in
the liver and kidney.>* Activities such as fluoropolymer manufacturing and repeat use of AFFF at fire
protection training areas (FPTAs) have led to comparatively high occurrence of PFASs in groundwater
at ug/L to mg/L levels, > underscoring the need for comprehensive understanding of transport of these

compounds in subsurface systems.

AFFF formulations are complex, proprietary, and often include solvents and both fluorinated (i.e.
PFASs) and hydrocarbon surfactants.!®!" PFASs include perfluoroalkyl acids (PFAAs, e.g. PFOS,
PFOA) distinguishable by a fully saturated fluorocarbon tail comprised of strong carbon-fluorine bonds.
These bonds make PFAAs chemically stable and generally resistant to processes such as hydrolysis,
photolysis, and oxidation, and they are therefore extremely persistent in the environment.!'>-'4 AFFF
formulations have historically included some PFAAs (e.g., PFOS), but also a substantial portion of
polyfluorinated substances that can be converted to PFAAs in the environment.”!> Because of their

persistence, interactions with aquifer sediment via sorption will be fundamental in determining the fate
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and transport of PFAAs in groundwater. Most previous studies have focused on equilibrium batch
sorption of PFAAs to sediments, biosolids, and mineral surfaces, and under conditions specifically
relevant to AFFF-impacted FPTAs.!%1° Additionally, recent work investigated transport of PFOA in
columns packed with sand under both saturated and unsaturated conditions, with the objective of
understanding the impact of the air-water interface and co-contaminants on PFAS transport using a solid
phase to which there is minimal sorption.?%?! That data was re-examined along with data for PFOS to
build a multi-process transport model, inclusive of rate-limited sorption.?? Finally, column studies have
examined how application of chemical oxidation remediation techniques and resulting alteration of
subsurface conditions may influence transport of PFAAs;?*?* however studies understanding the

applicability of batch sorption studies to advective transport of PFAAs are limited.

Under water-saturated equilibrium conditions, PFAA transport is expected to decrease with increasing
chain length for PFAAs with CF3(CF»)s —X, where n > 4.'61° Similar trends were observed in
experiments that studied the leaching behavior of PFAAs from soil in flow-through column
experiments.>>~2’ However, sorption of some shorter PFAAs (CF3(CF2), —X, where n < 4) in batch
systems did not follow chain-length dependent trends with perfluorobutanoate (PFBA) exhibiting
stronger sorption than perfluoropentanoate (PFPeA) or perfluorohexanoate (PFHxA).!° Similarly, a
field study that calculated sorption parameters (i.e. Kq) based on water and sediment concentrations
found chain-length dependent trends in K4 only for CF3(CF), —X where n > 6.28 Additional sorption
trends include nonlinear (e.g. Freundlich) sorption and increasing sorption with increasing solid phase

foc 16,19
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In equilibrium transport, sorption is presumed to be instantaneous under the assumption that it occurs at
much faster rates than the residence time of groundwater; however it has long been recognized that
sorption of organic contaminants can be rate-limited, leading to nonequilibrium transport.?=3! Various
mechanisms have been proposed to explain rate-limited sorption behavior, typically involving
interactions with organic matter such as organic matter diffusion.?? Rate limited sorption behavior
manifests itself in different ways depending on the scale of transport. In one-dimensional (1-D) flow
through column experiments, when sorption is rate-limited, transport is sometimes characterized by
early breakthrough and/or tailing of compound breakthrough curves (BTCs).3* At larger scales, impacts
are more uncertain but can lead to plume spreading, lower peak concentrations, and tailing.’*3

Understanding rate limited sorption can have important implications for modeling plume behavior and

evaluating remedial options.

Rate-limited sorption due to mass transfer limitations can be impacted by various compound properties.
For many classes of neutral, nonpolar hydrophobic organic compounds (HOCs) the primary compound
factors controlling mass transfer coefficients (k, see Section 2.6) are sorbate size and hydrophobicity, as
evidenced by a single LFER that can describe an inverse relationship between log k and log Kq across
various compound classes and sorbents (log k = 0.301 — 0.668 * logK,, R*> = 0.95).% Deviations
from the LFER occur for HOCs with complex functional groups or compounds with charged moieties.
Pesticides (triazines) exhibit an approximately parallel LFER (logk = —0.55 — 0.57 * logK4, R? =
0.89) with lower k values (e.g. greater mass transfer limitations) despite their neutral charge,?¢ and
polar/anionic compounds also can be described with another approximately parallel (albeit less
statistically robust) LFER (logk = —1.789 — 0.62 * logK,, R*> = 0.4) with yet lower k values.?

Decreasing k values in these compound classes are potentially caused by increased hindrance of
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diffusion associated with more complex functional groups and/or specific interactions. HOC sorption is
often considered to be dominated by van der Waals forces, but some neutral as well as anionic
compounds may also exhibit specific interactions that increase mass transfer limitations relative to
compounds that lack them.?>-3¢ Previous work also found that hydrocarbon alkyl tail length has an
impact on mass transfer of HOCs in soils and polymers.?’-3® In these studies, k was inversely correlated
with increasing tail length, up through propylbenzene in soil and pentane in a polymer. In soils,
alkylbenzenes with increasing tail length followed the HOC LFER through 4-5 carbon chains, after
which k remained constant. In both soils and polymers, tail length behavior was attributed to increasing
hindrance to diffusion up through some critical tail length, beyond which the molecule becomes

asymmetrical in shape. These results may also be relevant for CF;(CF), alkyl tails.

The effects of rate-limited sorption can be difficult to distinguish from other causes of nonequilibrium
transport. Flow interruption column experiments, wherein flow through a column is stopped for a
period of time (to allow conditions to progress towards sorbate-sorbent equilibrium) and then resumed,
are useful in making a definitive determination of kinetic effects, including rate-limited sorption.3*?
Flow interruption experiments are also often conducted at high pore-water velocities to experimentally
exaggerate any kinetic effects. When compounds are recalcitrant or where compound transformation is
prevented, drops in aqueous concentrations during the stop flow period can indicate physical or
chemical nonequilibrium.?® Nonreactive, conservative tracer tests are used to verify the absence of

physical nonequilibrium in the column, such that drops in concentration of the compound of interest

should confirm rate-limited sorption.
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The objective of this work was to further the understanding of transport behavior of PFAAs in
groundwater by investigating advective transport in 1-D saturated column experiments. Specifically, we
conducted continuous flow column experiments at environmentally relevant pore-water velocities to
determine if previously measured batch equilibrium data could be used to mathematically model 1-D
PFAA transport. Flow interruption experiments were completed at higher pore water velocities to
determine if rate-limited sorption influenced PFAA transport. Lastly, kinetic parameters were estimated
with a combination of linear free energy relationships (LFERs) and mathematical modeling to evaluate

factors that may lead to rate-limited PFAA sorption.

2. MATERIALS AND METHODS

2.1 Materials

Calibration standards (1-5,000 ng/L) of PFBA, PFPeA, PFHxXA, perfluoroheptanoate (PFHpA), PFOA,
perfluorononanoate (PFNA), perfluorodecanoate (PFDA), perfluorobutanesulfonate (PFBS),
perfluorohexanesulfonate (PFHxS), and PFOS, as well as stable-isotope internal standards (Table S1)
were purchased from Wellington Laboratories (Guelph, Ontario, Canada). Spiking solutions for all
experiments were prepared from standards of PFAAs purchased from Sigma-Aldrich (St. Louis, MO).
Stock solutions of calibration standards, spiking solutions (purity-corrected), and internal standards were
prepared in a 70/30 (v/v) methanol/aqueous solution. All experiments utilized a spiking solution
containing all 10 PFAAs. Potassium bromide was used as a nonreactive tracer. Unless otherwise
specified, all other chemicals were of reagent grade and were purchased from Thermo Fisher Scientific

(Waltham, MA), Mallinckrodt Pharmaceuticals (St. Louis, MO), or Sigma-Aldrich.
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Solid phases used in this study were selected to represent a variety of geochemical and physical
characteristics (Table S2). Loamy Sand (A, foc=0.017) and Loam (B, foc= 0.045) were purchased from
Agvise Laboratories (Northwood, ND) and have been used by the authors in a previous batch
equilibrium sorption study.!” Loamy Sand 2 (C) from an alluvial aquifer (Rifle, CO) was also used.
Lastly, this study included a silica sand (0.297 to 0.420 mm; Sand) (Accusands, Unimin Corp., Ottawa,
MN) which had been previously characterized.** Soils A and B were air dried and sieved (2mm) prior
to use in columns. Soil C and Sand were dry and able to pass through a 2mm sieve upon receipt.
Column aqueous phase for all experiments was artificial groundwater (AGW; deionized water with ions

typically found in groundwater; Table S3) utilized in previous studies.!®-2324

2.2 Column Design

All column experiments were conducted in 2.5 X 15 cm (No. 42400-2515) or 2.5 X 5 cm (No. 420400-
2505) Kontes ® glass chromatography columns (Kimble Chase, Vineland, NJ) with a fritted, glass bed
support in the influent end of the column. Shorter, 5 cm columns were selected for the continuous flow
column experiments to reduce the duration of these relatively longer experiments. Columns were
packed in 1-cm increments. Each increment was vibrated and tamped to establish uniform column
properties. Glass wool and 1-mm glass beads were used as additional bed support in caps at each end of
the column to fill void space, stabilize column packing material and establish uniform influent
distribution across the bed during column operation. Following packing, columns were saturated with
CO2 to remove residual air and subsequently saturated with AGW in up-flow mode. Bulk density and

porosity of Soils A-C and Sand were determined gravimetrically (Table 1). Columns were attached to an
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Ismatec ® high-accuracy peristaltic pump and silicone tubing (IDEX Health and Science, Oak Harbor,
WA). All columns were operated in up-flow mode and column influent/effluent samples were collected
from 3-way valves installed at each end of the column. PFAA losses (if present) that occurred to
column tubing were accounted for by sampling the inlet concentrations via the 3-way valve, which was
situated after the tubing. Further, specific surface areas of Soils A-C and Sand (~1-10* m?)* in this
study are orders of magnitude higher than the glass surface area of the columns (<102 m?) and tubing
(~10- m?), and this work illustrates that sorption to silica sand (i.e. similar to glass beads) is minimal
(Table S9). Collectively this shows that losses of PFAAs to column materials will be minimal relative

to PFAA interaction with sorbents.

Prior to initiation of PFAA flow through experiments, nonreactive bromide (Br-) tracer tests (Section S2
Tables S4 and S5) were completed to determine hydrodynamic transport conditions (Table 1) in all
columns and confirm the absence of physical nonequilibrium in flow interruption columns. Br-

tracer tests were conducted at higher pore water velocities (2.7-11.8 m/day) than PFAAs, but this had
no adverse impact on the analysis because hydrodynamic properties were independent of flow rate under
all study conditions. In particular, based on a Peclet number analysis, diffusive transport was negligible,
and models of PFAA transport (discussed below) were insensitive to dispersivity, indicating that neither
process significantly influenced transport (e.g. advective processes dominated transport, see Section
S2). Following the completion of all column experiments, Br tests were repeated to ensure that column

properties remained consistent throughout the duration of the experiments (Figure S1).
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Table 1 Summary of PFAA experimental conditions.
Column Darcy Pore Water Bulk
Packing  Length Velocity Velocity Density

Column Type! (cm) (m/day) (m/day) (g/em’®)  Porosity Experiment Type
1 Soil A 5 0.045 0.082 1.22 0.55 Continuous flow
2 Soil B 5 0.029 0.048 0.94 0.61 Continuous flow
3 Soil C 5 0.029 0.078 1.66 0.37 Continuous flow
4 Sand 5 0.045 0.115 1.77 0.39 Continuous flow
5 Soil A 15 0.412 0.698 1.04 0.59 Flow interruption
6 Soil C 15 0412 1.177 1.65 0.35 Flow interruption
7 Sand 15 0.412 1.084 1.57 0.38 Flow interruption

"Packing material foc: Soil A = 0.017, Soil B = 0.045, Soil C = 0.0017, and Sand = 0.

2.3 PFAA Column Tests

Two types of saturated column experiments were used in this study to investigate PFAA transport
(Section S3). Continuous flow column experiments (columns 1-4; Table 1) were used to study PFAA
transport under environmentally relevant groundwater flow conditions. Flow interruption experiments
(columns 5-7) were used to determine the impact of rate-limited sorption on PFAA transport. Higher
flows were used for these experiments to maximize the possibility of observing a measurable result
under the assumption that measured rate constants would apply generally, as observed in other flow
interruption studies.* Column influent consisted of a PFAA mixture (~5 ug/L of each PFAA) prepared
in AGW. During column experiments, influent concentrations varied only 2.9% (PFBS) — 13.3%
(PFDA) from the mean. All column experiments were conducted using a mixture of 10 PFAAs, as
previous work suggested that competitive effects of mixtures in soils used in this study are minimal,'”
and mixtures are more relevant to real-world PFAS releases.”8 Spiked AGW was injected in columns
until the relative concentration (C/Cyp) was ~1 for all PFAAs. In columns 5-7, flow was stopped when
C/Co was ~ 1 for a period of 36 hrs. Following the flow interruption period, flow of spiked AGW was

resumed until C/Coreached ~1 again. All columns were flushed with AGW until PFAA concentrations

10
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returned to background following injection of spiked AGW (Table S5). Consistent with previous work,
method of moments analysis was used to calculate mass recovery of all Br (Table S4) and PFAA BTCs

(Table S6).23:46

2.4 Sample Preparation and Analysis

Column influent and effluent samples were collected manually in 2.0 mL polypropylene,
microcentrifuge tubes and sample volumes were determined gravimetrically. An aliquot of isopropanol
was added to comprise 9% of the aqueous volume in the tube. Samples were vortexed and centrifuged
(AccuSpin Micro 17, Thermo Fisher Scientific) at 17,000 relative centrifugal force (RCF) for 30
minutes as a precaution to remove any residual suspended solids prior to direct injection. Next, 1,350
pL was transferred to an autosampler vial with 150 pL. of 70/30 containing 0.3 ng internal standard
(Table S1). Samples were analyzed directly via a MDS Sciex Applied Biosystems 3200 ™ (MDS Sciex,
Ontario) liquid chromatography tandem mass spectrometer (LC-MS/MS), using methods modified from
previous studies.!”1%4” The LC-MS/MS was used to monitor two transitions for each analyte.
Quantitation was performed using Analyst software (AB Sciex, Framingham, MA). Limits of
quantitation were analyte and run-dependent but were approximately 2-9 ng/L. All values reported are
corrected for recovery of internal standards (Section S1), which were generally greater than 60% for all

samples and matrices.

2.5 Equilibrium PFAA Sorption

Equilibrium sorption coefficients for Soils A and B were measured in our previous work.'” In some

cases, the aqueous concentrations measured in column experiments was lower than the range evaluated

11
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in sorption isotherms. To obtain isotherm parameters applicable to the entire range of concentrations in
this study, original isotherms were extended by linearly extrapolating the isotherm from the lowest
measured isotherm point to the lowest measured column concentration (Section S4, Figures S2-S4,
Table S7). PFAA sorption has been described by the Freundlich isotherm:!6:1?

Cs = KeCyy (D)

where Cs is the concentration in soil, Cy is the concentration in water, K¢ is the Freundlich sorption
coefficient, and n is the linearity value. Values of n in previous work ranged from 0.7-1.1,' indicating
that nonlinearity is sometimes associated with PFAA sorption. In general, the lower portion of
Freundlich isotherms associated with higher energy sorption sites is linear,*® so we consider linear

extrapolation of PFAA isotherm below the lowest measured point to be a reasonable assumption.

Studies measuring PFAA sorption to Soil C and Sand were not available, so limited 3-point sorption
isotherms (initial Cw of 0.5-50 pg/L) were completed using methods outlined in previous work (Section
S4).1° PFAA isotherms were fit with the Freundlich isotherm to obtain K¢ and n values (Table S9). As
in previous studies, PFAA mass recoveries in the solid and aqueous phases as well as loss to the vial
were used to complete mass balances in all batch reactors. In some cases, unacceptable mass balances
of PFAASs occurred due to over recovery in the lowest isotherm point (Table S9). When this occurred,
the low point was excluded from the isotherm. Resulting isotherm parameters should be considered
estimates. As with Soils A and B, the aqueous concentrations measured in the columns were in some
cases lower than the range of the isotherms, so linear extrapolation to the lowest measured column
concentration was applied (Section S4, Figures S2-S4, Table S7). The method for this extrapolation and
a detailed discussion of the extrapolation approaches considered is included in the Supplementary

Material (Section S4). Neither extrapolation of parameters nor elimination of the lowest isotherm point

12
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led to substantial changes in isotherm parameters applied in Soil C or Sand, as sorption of the majority

of PFAASs to these solid phases was approximately linear.

2.6 Data Analysis

BTCs (C/Co vs. time) for Br were modeled using the nonlinear, least-squares model CFITM.* BTCs
for PFAAs were fit with a numerical solution to the advection-dispersion equation (ADE) using
HYDRUS-1D.>® Dispersivities (Table S4) were determined from inverse fits of Br tracer tests and
utilized when modeling breakthrough of PFAAs in HYDRUS 1-D. HYDRUS 1-D was used in both
inverse and forward modeling of PFAA transport because it was capable of simulating flow interruption
experiments. Equilibrium sorption parameters Kr and n from batch experiments were used to predict
PFAA breakthrough in columns, and results were compared to measured BTCs. All sorption
parameters were from batch experiments using the same PFAA mixture employed in column studies,
which would account for any minor competitive effects of single vs. mixed solute systems. Where
applicable, BTCs were subsequently fit with a two-site model that assumes sorption sites can be divided
into two fractions and incorporated into the ADE.>! In this model, Cs is assumed to be a combination of
solid phase concentrations on Type 1 sites (Cs¢, mg/kg) and Type 2 sites (Cs¥, mg/kg). For Type 1 and
Type 2 sites respectively:

Ce=fC = fKCl ()

Ci=0-C=1A-NKC, ()

where f is the fraction of sorption sites assumed to be at equilibrium with the solute. The sorption rate

for Type 1 sites is assumed to be instantaneous and can be described as follows:

acs _ ,Cs
o S @

13
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Sorption onto Type 2 sites is assumed to be a first order rate process:

X k- PECE-CE] )

where CX; is Type 2 solid phase concentration at time t and k is the mass transfer coefficient (min!).
Modeling efforts focused on Br- and PFAA results from continuous flow experiments as well as Br-
results from flow interruption data. Linear free energy relationships (LFERS) from previous work®> and
K values this and previous work!® were used to estimate k values. As will be discussed, PFAA flow
interruption BTCs were insufficient for use in obtaining modeled (i.e. fitted) parameters, so they were

used solely for verification of rate-limited sorption effects and kinetic parameters were determined from

LFERs.
3. RESULTS AND DISCUSSION
3.1 Trends with Chain Length and f,c

Sorption parameters from batch equilibrium studies were used to model expected PFAA BTCs in
columns. Modeled BTCs yielded information on the expected order of PFAA breakthrough based on
compound chain length and soil foc, which are two primary factors found to influence sorption in batch

16.19 although studies suggest that trends with f,c are not consistent across all soil types.>? The

studies,
modeled order of breakthrough was then compared to the order of breakthrough observed in column
data (Figures S5-S8). This initial analysis focuses on trends (i.e. order of breakthrough) associated with

chain length and foc in modeled vs. measured data. The analysis is supported by data shown in Figures

S5-S9, which are scaled to show only very early breakthrough times to enable observation of the trends

14
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discussed herein. A direct comparison of full BTCs with equilibrium models is presented in Figures S5-

S8 (panel G), Section 3.2, Figure 1, and Figures S10-S13.

3.1.1 Trends with Chain Length. Equilibrium (model predicted) BTCs exhibited chain length dependent
trends only in Soils A-C (foc = 0.0017-0.045, Figures S5-S7 A, C, and E ). Some exceptions to chain
length trends were observed in Soils C and Sand, but these may be an artifact of using estimated isotherm
parameters for these sorbents (Figure S8 A, C, and E). Batch sorption observations of stronger PFBA
sorption relative to PFPeA and PFHxA!® were not evident when applied to modeled predictions of 1-D
advective transport. In measured data, chain-length dependent trends for compounds with CF3(CF2)n —X
where n >4 were most evident in Soil B experimental BTCs (highest foc, Figure S6 B, D, and E).
Compound elution appeared nearly simultaneous in the remaining solid phases for perfluoroalkyl
carboxylates smaller than PFDA and perfluoroalkyl sulfonates smaller than PFOS (e.g. Figure S5, S6,
and S7 B, F). In many cases, breakthrough appeared to be a close approximation of conservative (non-
sorbing) transport (e.g. Figure S7 B). As in models, anomalous trends in PFBA and PFPeA sorption
were not evident in measured column data. This may be attributable to the nonlinear sorption of PFBA
relative to PFPeA (n=0.65-0.8 for PFBA vs. 0.84-1.01 for PFPeA). A compound with a high Kt value
and n<1 may exhibit slower transport (i.e. greater retardation) at low concentrations relative to a

compound with a low Kfandn = 1.

3.1.2 Trends with f,c. Organic carbon-dependent sorption was evident in models to a degree:
breakthrough of a given PFAA in Soils A, C, and Sand (foc = 0-0.017) was predicted to occur at similar
times, but breakthrough was later in Soil B, which had the highest foc (foc = 0.045). For example, PENA

breakthrough was predicted to occur at 0.5 pore volumes in Soil A (Figure S5C), 2.4 pore volumes in

15
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Soil C (Figure S7C), 1.4 pore volumes in Sand (Figure S8C), and 5.2 pore volumes in Soil B (Figure
S6C). In measured data, BTCs of PFNA, PFDA, and PFOS exhibited f,.-dependent breakthrough
(Figure S9), but smaller compounds did not show a trend with fo.. Deviations of column behavior from

modeled transport are further discussed in Section 3.2

3.2 Evaluation of Equilibrium Transport

Predicted equilibrium and measured BTCs were compared (Table 2, Figure 1, Figures S10-S13),
visually inspected for signs of nonequilibrium transport (e.g. early breakthrough and/or tailing), and
statistically evaluated using coefficients of determination (R?, Table S8-S9) and residuals between
predicted and observed values (Figure S14). Two factors were applied to screen BTCs and identify
those that should be further evaluated for nonequilibrium breakthrough: visual inspection and BTCs
with R?<0.7. The latter was included to identify BTCs that should be targeted for further investigation
due to relatively poorer fits (low R?) despite a lack of visual evidence (early breakthrough, tailing) of
nonequilibrium transport. Table 2 summarizes these screening results (see columns labeled ‘Screening
Observation’). Screening observations are not a final determination of equilibrium or nonequilibrium
transport for each PFAA-sorbent combination. Our conclusion regarding each BTC is also summarized
in Table 2 (see columns labeled ‘Conclusion) as discussed further below. Collectively, screening results
yield four types of BTCs: early breakthrough (Type I), early breakthrough and tailing (Type II), late
breakthrough and tailing (Type III), and no observable early breakthrough or tailing (Type IV).
Nonequilibrium transport may be caused by several factors including nonlinear and rate-limited
sorption.>® Nonlinear sorption was addressed by use of Freundlich sorption parameters when modeling

predicted breakthrough. Type II behavior is consistent with rate-limited sorption,*® and is further
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Figure 1. Predicted equilibrium (Eq) transport and measured (Meas) breakthrough of PFBA and PFOS in
a.) Soil A (R? PFBA=0.7, R? PFOS=0.64) b.) Soil B (R? PFBA=0.38, R? PFOS=0.29), c.) Soil C (R?
PFBA=0.98, R? PFOS=0.9), and d.) Sand (R> PFBA=0.15, R? PFOS=0.9).
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Table 2. Results of initial screening to identify PFAA BTCs meriting further evaluation and conclusions once additional evaluation
was complete.

Soil A (foc = 0.017)

Soil B (fo.=0.045)

Soil C (foc = 0.0017)

Sand (foc = 0)

Screening Screening Screening Screening

PFAA | Observation R? | Conclusion | Observation R? Conclusion | Observation R? Conclusion | Observation R? Conclusion

PFBA | Equilibrium  0.70 | Equilibrium | Equilibrium 0.40 | Equilibrium Equilibrium 0.96 | Equilibrium | Equilibrium -0.06 | Equlibrium

PFPeA | Equilibrium  0.70 | Equilibrium | Early -0.25 | Equilibrium Early -0.08 | Equilibrium | Equilibrium 0.59 | Equlibrium

PFHxA | Equilibrium  0.88 | Equilibrium | Equilibrium 0.78 | Equilibrium Early 0.73 | Equilibrium | Equilibrium 0.59 | Equlibrium

PFHpA | Equilibrium  0.96 | Equilibrium | Early, tailing 0.53 | N/A Early 0.56 | Equilibrium | Equilibrium 0.52 | Equlibrium

PFOA | Equilibrium  0.95 | Equilibrium | Early, tailing 0.05 | N/A Early 0.48 | Equilibrium | Equilibrium 0.85 | Equlibrium

PFNA | Equilibrium  0.90 | Equilibrium | Early, tailing -0.86 | N/A Early, tailing 0.10 | Rate-limited | Equilibrium 0.84 | High flow RL
Rate-limited,

PFDA | Late, tailing  0.31 | other Late, tailing -4.01 | N/A Early, tailing 0.53 | Rate-limited | Equilibrium 0.93 | Equlibrium

PFBS Equilibrium  0.91 | Equilibrium | Early 0.65 | Equilibrium Early 0.75 | Equilibrium | Equilibrium 0.39 | Equlibrium

PFHxS | Equilibrium  0.94 | Equilibrium | Equilibrium 0.81 | Equilibrium Early 0.80 | Equilibrium | Equilibrium 0.39 | Equlibrium
Rate-limited, High flow

PFOS Late, tailing  0.69 | other Early, tailing 0.26 | N/A Early 0.88 | RL Equilibrium 0.91 | High flow RL

Notes: Screening observations result from initial screening of BTCs as described in Section 3.2 Conclusions were made following additional consideration of
uncertainty in sorption parameters (Section 3.2.1) and flow interruption data (Section 3.3). N/A indicates that conclusions are not provided for some compounds
in soil B due to the failure of flow interruption experiments. Late denotes breakthrough later than equilibrium predictions; Early denotes breakthrough earlier
than equilibrium predictions; Equilibrium denotes no evidence of early/late breakthrough or tailing. Types of BTCs: Type I (yellow) exhibited early
breakthrough, Type II (gray) exhibited early breakthrough and tailing, Type III (blue) exhibited late breakthrough and tailing, and Type IV (green) exhibited no
observable early/late breakthrough or tailing but R> < 0.7. All unshaded values exhibited no visual or statistical evidence of nonequilibrium behavior.
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3.2.1 Types I and IV BTCs. Types I and IV breakthrough were collectively characterized by low R?
values, slight to no early breakthrough, and no tailing (Table 2). Applicability of either an equilibrium
or a rate-limited sorption assumption to these BTCs was initially unclear. Inspection of residuals
(squared difference between predicted and measured values at each measured point, examples provided
in Figure S14) illustrates that low R? values in the majority of these cases were caused by a single
measured point in the arrival wave that reached a relative concentration of unity earlier than expected
and/or a single measured point that eluted slightly faster (was lower) than expected, indicating a slight
shift that might be caused by lower-than-expected sorption (e.g. Figure S14). If these individual points
are removed from the statistical analysis, R? values for these cases are greater than 0.9. Small deviations
in equilibrium sorption parameters may have contributed to these trends. This point is illustrated by
considering sorption of PFHpA in Soil C. When the variability (i.e. standard deviation) of measured soil
and aqueous phase concentrations in the isotherms was considered, Log K (approximately equivalent to
linear sorption in this case, as n=0.99) range from -0.62 to -0.37. Initially, a log K¢ value of -0.48 was
used to predict equilibrium PFHpA sorption to Soil C resulting in an R? value of 0.56 when compared to
measured data (Table 2). When predictions were repeated with the minimum potential Log Ky of -0.62,
the resulting comparison to measured data resulted in an R? of 0.71. Additionally, isotherm parameters
for Soil C and Sand were considered estimates. Collectively, this suggests that Types I and IV BTCs
may be due to the variability of the equilibrium isotherm parameters (and potentially analytical
variability) and/or an artifact of the estimated isotherm parameters, as opposed to nonequilibrium

transport (Table 2).

3.2.2 Type Il BTCs. For Type III behavior, the cause of late breakthrough of PFDA and PFOS is

unclear, but the data suggest that sorption of these compounds was stronger than measured in
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equilibrium systems. The fact that this occurred for only these two compounds and only in Soils A and
B (foc = 0.017 and 0.045, respectively) suggests a relationship with chain length and fo.. Unlike Types I
and IV, variability in Kr and n values measured in batch systems!® could not entirely account for the
increased sorption observed in columns. Recent studies of PFAS sorption to anion exchange resins used
transmission electron microscopy (TEM) images to illustrate that resins saturated with PFOA at a
concentration of 1 mg/L developed 30-200 nm aggregates.>> The authors hypothesized aggregates
represented PFOA hemimicelles formed at the resin surface. A separate study also noted the potential
for micelle or agglomeration to impact sorption of long-chain PFAAs to granular activated carbon.>*
The critical micelle concentration (CMC) of PFOA is approximately 3,540 mg/L> and hemimicelle
formation is possible at 0.001-0.01 of the CMC* or a minimum of 3.5 mg/L which is in the same order
of magnitude as concentrations where aggregates were observed.”®> The CMCs for PFDA and PFOS in
water are approximately 400 and 3,151 mg/L at 25°C,%>36 respectively, though values are dependent on
factors such as counterions and solution chemistry.! Hemimicelle formation would be possible at
minimum concentrations of 0.4 mg/L for PFDA and 3 mg/L for PFOS, which is 80-600 times higher
than influent PFAA concentrations in this study. However, column experiments were conducted using
PFAA mixtures (10 PFAAs at ~5 ng/L each) including PFUnA, which has the lowest CMC of those
included in the study. Impacts of mixtures on PFAA hemimicelle formation are currently unknown.
Since hemimicelle formation would likely be driven by the lower CMCs and stronger hydrophobic
interactions of PFDA and PFOS relative to smaller PFAAs, this would explain why late breakthrough
was only observed in PFOS and PFDA in soils with higher foc. Additional experiments would be needed

to determine the underlying cause of Type III BTCs.
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3.3 Flow Interruption Experiments

Preliminary evaluation of equilibrium transport in continuous flow experiments showed potential for
nonequilibrium PFAA transport. Flow interruption experiments were completed with Soils A, C, and
Sand to further investigate if rate-limited sorption led to these observations. Soil B flow interruption
experiments were attempted, but the fine-grained nature of the soil led to overpressure and failure of the
columns. Prior to initiation of PFAA tests, flow interruption experiments were completed with Br to
ensure physical nonequilibrium (resulting from diffusive mass transfer between mobile and immobile
regions) was not evident within the columns.?* Nonequilibrium was not observed in any of the flow
interruption Br- tests (Figure S15); therefore, any concentration drops observed in subsequent PFAA

flow interruption experiments were solely attributed to rate-limited sorption.

For a perturbation during the flow interruption period to be considered a concentration decrease, the
measured concentration following the stop-flow period had to be lower than the lowest concentration
measured after the columns reached a relative concentration (C/Cp) of 1. Decreases in PFAA
concentrations during the stop flow period (36 hrs) for high flow (Table 1) scenarios were observed for:
PFDA and PFOS in Soil A; PFNA, PFDA, PFHxS, and PFOS in Soil C; and PFDA and PFOS in Sand
(Figure 2, Figures S16-S18). This illustrates that rate-limited sorption impacts transport of these
compounds during flow interruption experiments (Table 2). It also suggests that continuous flow, Type
IT BTCs for PFNA and PFDA in Soil C and Type III BTCs for PFDA and PFOS in Soil A were at least
partially caused by rate-limited sorption, though, as discussed, rate-limited sorption does not typically
result in late breakthrough (i.e., Type III behavior, see Table 2). Despite flow interruption experiments

exhibiting rate-limited sorption for PFDA in Sand, and PFHxS and PFOS in Soil C and Sand, these were
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well described by equilibrium transport in the corresponding continuous flow experiments. Previous
studies have observed rate-limited sorption of organic contaminants in low organic carbon sorbents as
well as PFOA and PFOS in sand.?>*” It is possible that at the low flow rates used in the continuous flow
experiments, equilibrium conditions apply, but kinetic impacts occurred at the higher flow rates used in
the flow interruption experiments. A lack of perturbation in concentrations during stop flow periods for
PFAAs exhibiting Type I and II behavior in continuous flow BTCs further illustrates that those

compounds primarily undergo equilibrium transport (Table 2).
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Figure 2. Flow interruption data PFOS in Soil A and Soil C. Data points collected immediately prior to
and following the stop flow period are shown in red to facilitate observation of any observed drops in
concentration.

While flow interruption experiments confirmed rate-limited sorption of some PFAAs, quantitative
analysis of kinetic parameters associated with this process is useful for fate and transport predictions.
Ideally, changes in Cy during the stop flow period can be modeled using inverse methods to
parameterize f and k values associated with the process.’® However, in this data set, the degree of

scatter in the data around C/Co=1 made it difficult to quantify with certainty the magnitude of the drop in
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concentration during flow interruption. As a result, kinetic parameters were not obtained from that data.

Nevertheless, flow experiments do confirm rate-limited impacts on PFAA transport.

3.4 Factors Impacting PFAA Mass Transfer

Herein, we used a 2-site sorption model to understand nonequilibrium transport of PFAAs due to rate-
limited sorption (Equations 2-5), where equilibrium sorption parameters are used in conjunction with a
mass transfer coefficient (k) and a fraction of type 1 sorption sites (f) to describe compound
breakthrough. The model does not carry implicit assumptions in the fundamental processes resulting in

323558 Determination of the

mass transfer limitations, which could arise from multiple mechanisms.
specific diffusive mechanism or combination of mechanisms only becomes important when trying to
quantitatively translate k values or explain certain qualitative trends.’® Determination of specific
diffusive mechanisms leading to PFAA transport was not an objective of this study. If a combination of

mechanisms contributes to rate-limited PFAA transport, k values in the 2-site sorption model would

represent overall mass transfer limitations caused by these effects.

As noted, kinetic parameters could not be obtained from flow interruption data, and an attempt was also
made to use optimization techniques to obtain kinetic parameters from continuous flow experiments and
compare them to LFERs. Resulting model fits were not unique, which may be due to scatter in BTCs
and/or low overall sorption (e.g. R = 1). To further investigate the significance of rate-limited PFAA
transport, values of k were estimated using the LFER for polar/anionic compounds (Table S10).33 This
was done using Kq values for PFHpA, PFOA, and PFNA in Soil B because they exhibited Type Il BTCs

and PFNA and PFDA in Soil C, because rate-limited sorption was confirmed in flow interruption
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experiments. Sorption of these compounds in Soils B and C was approximately linear (n=0.95-1.03), so
Kr=~Kq. This method of estimating k could not be applied to other rate-limited compounds (PFDA and
PFOS in Soils A and B) because these compounds exhibited enhanced sorption relative to what was
expected in batch systems, rendering equilibrium sorption parameters invalid for describing
breakthrough. After k values were estimated from the LFER, they were applied to continuous flow
experiments and values of f were determined through model optimization (Table S9). In all cases, the
resulting kinetic parameters improved predictions of breakthrough relative to models assuming
equilibrium sorption (Figure 3, Figure S19). To test the robustness of the resulting kinetic parameters
and their independence from pore water velocity, resulting values of k and f were applied to predict
observed flow interruption BTCs prior to the stop flow period. Since Soil B flow interruption
experiments failed, this was only possible for kinetic parameters for PENA and PFDA in Soil C.
Results show that estimated parameters were capable of predicting PFAA breakthrough at higher pore

water velocities (Figure S19).

Values of k were estimated using the LFER for polar/anionic compounds?’ because neither the HOC nor
pesticide LFERs?® were capable of predicting k values that fully captured observed breakthrough.
Implicit in this LFER is some combination of either increased diffusive hindrance or specific
interactions relative to the ‘base” LFER for HOCs. Although PFAAs were not included in the set of
compounds used to develop this LFER, diffusive hindrance due to anionic moieties may extend to
PFAAs. This is in contrast to LFERs for other properties such as pKa, where unique PFAA properties
(e.g. inductive effects) can only be captured by use of relevant compounds in LFER development.
Previous research has suggested that specific interactions do not play a significant role in PFAA sorption

and that the process is the result of a combination of hydrophobic and electrostatic interactions.>® Since
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electrostatic interactions (e.g. interactions with metal oxides in clay) are not likely to be rate limiting,
this may mean increased hindrance causes slower PFAA mass transfer relative to HOCs. However,
more work is needed to understand this fully. This work also did not explore potential for k values to
become constant above some critical fluorocarbon alkyl tail length. As mentioned (see Introduction),
previous work implies that there may be a critical hydrocarbon chain length beyond which k values will
not decrease further,”38 but it is unknown if this critical point would be the same for perfluoroalkyl
tails. Additionally, this effect is likely to be most relevant to polymer models (i.e. intrasorbent

diffusion), and the exact rate-limited mechanisms that apply to PFAAs have not been determined.

Fitted values of f (i.e. fraction of Type 1 sorption sites) in this study were found to increase with
increasing chain length (Table S9). This is consistent with previous work that found values of f for a
series of HOCs were shown to increase with increasing Kow, used as a proxy for molecular size.%0¢!
This is possibly due to an inability of larger compounds to access some of the internal organic matter
sites typically attributed to rate-limited behavior. Therefore, of all sorption sites available to these
compounds, larger fractions are represented by external, instantaneous sorption sites relative to a
compound of smaller size.** It should be emphasized that values of f and k determined in this study are

estimates and were developed to help draw inferences about the significance of rate-limited behavior to

overall PFAA transport. Additional work would be required to confirm their broader applicability.
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Figure 3. Measured continuous flow data and modeled breakthrough using calculated k values and
optimized values of f (2-site fit) for PFHpA, PFOA, and PFNA in Soil B compared to the equilibrium
sorption mode (Eq fit). Resulting R? values show improved correlation of the 2-site fit compared to the
Eq fit (R? 0.21-0.59). PFHpA breakthrough appears to occur slightly early, but when the standard
deviation of sorption parameters is considered, breakthrough is within the resulting window of
equilibrium transport, similar to trends described for Type [ BTCs.

4. CONCLUSIONS

This study illustrates that breakthrough of some PFAAs is not well represented by applying equilibrium
sorption parameters and that rate-limited sorption considerations are needed to fully capture 1-D
transport of some PFAA/sorbent combinations at environmentally relevant pore water velocities.
However, relevance of this behavior at field scales needs to be validated. Transport at the field scale
will be 3-D and subsurface conditions are likely to be heterogeneous relative to column transport. These
factors may be more important in determining overall field transport of PFAAs as with other HOCs.°
Nonetheless, rate-limited processes have been shown to be helpful at both explaining field-scale
behavior and simulating field-scale data, even in physically heterogeneous conditions.?* Before

reaching the saturated zone, PFAA transport will be influenced by the air-water interface in the vadose
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zone.?%%2 Additionally, AFFF-impacted areas are likely to have other complicating factors. At FPTAs,
AFFF impacts are likely due to multiple releases during repeat training exercises. Further, AFFF
formulations vary, and multiple foam types may have been used. Some AFFF formulations include
PFASs other than PFAAs, some of which can serve as PFAA precursors that transform into PFAAs over
time.%3%* Thus, nonideal PFAA transport at field scales may include effects of rate-limited sorption,
complex subsurface characteristics, enhanced retardation in the vadose zone, multiple releases, and
PFAA precursor transformation.?”> Additional work is needed to understand which of these factors are
significant in modeling PFAA transport at the field-scale. As models are further developed, kinetic
parameters determined in this work may serve as a tool for estimating relative contributions of rate-
limited sorption to PFAA transport and overall need for (or lack thereof) more accurate measurements of
kinetic parameters and an increased understanding of underlying mechanisms causing PFAA mass

transfer limitations.
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